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ABSTRACT 
Measurements were made of the formative time 1ag in 
helium and an analysis due to Davidson was used to obtain the 
relative contributions of the individual secondary processes to 
the current growth. 
A series of curves was obtained, giving the dependence 
of the formative time lag on the percentage overvo1tage, for over-
vo1tages within 4% of the sparking potential. These curves were 
obtained at five pressures in the range 14.9 to 62.2 torr and at 
gap distances from 0.18 to 0.82 cm. 
-1 -1 9.8 to 38.7 volt cm torr • 
The range of E /p was from 
8 0 
The combination of ~vo processes involving delayed photons 
gave good agreement with experiment over the intermediate range of 
E /p investigated, One of the delayed photon processes was the 
s 0 
emission of secondary eleotrons from the cathode by photons produced 
1 by the deoay of 2 S metastable atoms in two-body collisions in the 
3 gas. The other was due to photons from the decay of 2 t metastable 
molecules which had been produced in three-body collisions involving 
238 metastable atoms. 
Positive ion action at the cathode became important at the 
highest values of E /p used. This, in combination with the action 
s 0 
1 
of delayed photons from the decay of 2 8 metastable atoms, gave the 
required agreement with experiment. 
6 -1-1 Below 11. volt cm torr , the observed time lags could 
not be satisfactorily explained by the processes considered. In this 
case, it was suggested that examination of the processes involving 
the action at the cathode of metastab1e atoms and delayed photons 
from the decay of metastab1e molecules might prove fruitful. 
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Chapter 1 
EXCITATION AND IONIZATION IN HELIUM 
The present investigation was begun in an attempt to 
clarify the complex processes leading to electrical breakdown in 
helium. In 1959, Davidson(l) published a theory applicable to the 
temporal growth of ionization in gases, such as helium, where the 
aotion of metastable atoms is of importance. This provided a 
method of establishing, from formative time lag measurements, the 
relative contributions of the various secondary processes to the 
current growth. This was the approach adopted in the present 
study. 
Before proceeding to a discussion of the temporal growth 
of current, it is relevant to consider the ionization and excitation 
processes occurring in gases with particular reference to helium. 
1,1 The atomic structure of helium 
The atomic structure of the gas is obviously of great 
importance in any discussion of the fundamental excitation and 
ionization processes occurring in a gas discharge. The gas of the 
present investigation is helium of which the normal atom has only 
two electrons. 
It is possible to calculate the energy levels of the 
helium atom by wave mechanical methods(2). The SohrBdinger equation 
for the two-electron system oannot be solved exactlY3 but it is 
- 1 -
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possible to obtain approximate solutions. In most problems the 
only states of importance are those for which at least one eleotron 
is in its lowest energy level. 
Early spectroscopic investigations showed that the term 
scheme of helium (figure 1) split into two separate groups, in 
general there being no transitions between terms of the two groups. 
These groups of terms are known as parahelium and orthohelium. Once 
an atom has exhibited the properties of one of the two groups, it 
rarely subsequently shows the properties of the other. The 
splitting of the term scheme into two groups can be explained by 
electron spin considerations(3). In parahelium the spins of the two 
electrons are anti-parallel and the parahe1ium terms are singlets. 
Since the electron spins are parallel in orthohelium the terms are 
triplets. 
In the unexcited state of the atom, the two electrons 
complete the K-shell, the ground state configuration being written 
2 1s. This saturated structure of complete shells is characteristic 
of the noble gases. Together with the high excitation energy of 
helium, it determines the character of the inter-atomic forces, and 
these, in their turn, are to a great extent responsible for many of 
the typical properties of helium. 
From the term diagram, it can be seen that there is no 
13S term - the expected ground state for orthohelium. No lines have 
been found by spectroscopio methods which would correspond to 
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transitions to this term. Further examination shows that, for a 
138 term, all four quantum numbers would be the same for both 
electrons. As such an arrangement would violate the exclusion 
principle, the term is absent. 
By the selection rule, 6L = ~ 1, it can be seen that the 
transition from the 218 state to the llS state and the transition 
238 - 118 are forbidden. Those states which cannot pass spontaneously 
to a lower state with the emission of radiation are metastable. Of 
the two metastable states of the helium atom, the 23s is stronger 
than the 218. This is because the 238 - lIS transition would 
contradict the prohibition of an ortho-para transition as well as 
violating the selection rule. In fact the transition 23S _ 11S 
has never been observed directly, while the 21S - llS transition 
can occur in an electric field. Transitions from the 23s state to 
the ground state are mainly due to collisions of the excited atoms 
with the atoms of the gas and the walls of the containing vessel. 
The ionization potential of an atom is defined as the 
energy required to remove an electron from the atom in its ground 
state to form the singly charged ion in its ground state. So the 
ionization potential of the helium atom is the energy of the process: 
+ He~ He + e. The value of the ionization potential of helium, as 
obtained from the limit of the series lIS - m~, is 24.46 volts. 
Quantum mechanics gives the spectroscopic value to within the limits 
of the accuracy of the calculation(4). 
-4-
Table 1 gives some ot: the potentials and spectral lines 
found from electron excitation of the ground state of the helium 
atom. It should be noted that the helium spectrum is almost 
entirely due to transitions of only one electron, the other remain-
ing in its lowest state. 
Potentials in volts 
Transition Wavelength ini Spectroscopica11y Electron collision 
11S _ 23S 19.77 19.75 
11S _ 21S 600.5 20.55 20.55 
11S - 2~ S84.4 21.12 21.2 
11S - 3~ 537.1 22.97 22.9 
11S _ 4~ 522.3 23.62 
I1S _ 5~ SlS.7 23.92 
1 i ° to 1 S - o~za ~on 502.0 24.47 24.6 
Table 1. Potentials and spectral lines produced by 
eleotron excitation of the ground state helium atom(S). 
1.2 Electrons, ions and excited atoms in helium 
In the absence of an electric field all the particles 
present, charged and un charged, move at random through the gas. 
When thermal equilibrium is attained the velocity distribution of 
the gas atoms is Maxwellian. The average distance a particle travels 
between two successive oo11isions is called the mean t:ree path. The 
- 5 -
mean free path ~ for gas atoms moving in their parent gas can be 
obtained from simple collision theory as ~ = 1/(..[2 ?t N d2), where 
N is the number of gas atoms per cm3 and d is the diameter of a 
gas atom. So, at a pressure of 1 torr and 2730K (when N = 3.56 x 1016 
atoms cm-3), the mean free path of helium atoms is 0.018 cm. 
By treating the eleotron as a partiole of infinitely small 
radius, classioal theory gives its mean free path as ~ = 4..[2 h. 
e 
However, experiment has shown that ~ varies with the electron 
e 
energy. The number of collisions made by an electron in trRvelling 
1 om through a gas at 1 torr and 2730K is known as the collision 
Probability P and P = l/h = NQ, where Q is the effective oross-o 0 e 
seotion for a oollision between a gas atom and an electron. Thus, 
at 1 torr and 273°K, when N has the value given above, Q = 0.281 x 10-16 
2 P cm. 
c 
It follows that the effective oollisional cross-section 
also depends on the eleotron energy. This is known as the Ramsauer 
effeot, and can be explained by considering the diffraction of the 
eleotron wave by the potential field of the atom. By this application 
of wave mechanical methods to the problem, Allis and Morse(6) 
obtained good agreement between theory and experiment. The probab-
ilities of electron-atom collision in helium and in hydrogen, at 
varying electron energies, are compared in figure 2. Helium has one 
of the smallest effective cross-seotions of any atom. This is to be 
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expected, sinoe P is inversely proportional to the ionization 
c 
potential and helium has the highest known ionization potential. 
It is often convenient to keep the mean energies of the 
charged particles constant while other parameters, such as the gas 
pressure, ohange. The energy gained by an electron from the electric 
field E depends on the potential drop per mean free path in the 
direction of the field which is given by EA. Now ~ = ~l/P , 
e e 0 
where ~ is the mean free path of an electron at 1 torT and 27~oK 
and p (= 273 piT, where T is the temperature in OK) is the reduced 
o 
gas pressure. Thus ~eE = ~l~Po' ~l being a constant for a given 
gas. So the ratio F/p must be kept constant if the mean energies o 
of the electrons (and other charged particles) are to remain constant. 
In general, since F/p is proportional to F/p at a given temperature, 
o 
~p is kept constant and the reduotion to p can be made later if 
o 
required. 
At each collision the energies of the colliding particles 
will change. Elementary considerations give the following expression 
for the mean fractional loss of energy at collision, allowing for 
collisions at all possible angles: 6 = 2 mM/Cm + M)2, where m and 
M are the masses of the colliding particles. It should be noted 
that this is only strictly true for elastic collisions, that is, 
those collisions in which there are no internal changes of energy in 
the colliding particles4 For ions in collision with atoms of their 
parent gas, m = M and 6 = t. For electrons, m« M so 6 SlII 2m/M and, 
- 7 -
for helium, ~ ~ 2.7 x 10-4, which is considerably lower than the 
value for ions. Because of this, electrons can attain much higher 
mean energies in an eleotric field than can ions. So electrons 
will play the more important role in the excitation and ionization 
of gas atoms. 
Even though an eleotron has sufficient energy to excite a 
gas atom to a given level, it is not certain that this will occur. 
The ratio of the effeotive oross-section for the particular 
excitation (or ionization) to the total effective cross-section 
gives the probability of the exoitation (or ionization) taking place 
at collision. The probabilities for the excitation of the 4~ and 
33p states of helium are given in figure 3(a). The shapes of the 
curves show the characteristic difference between singlet and triplet 
levels, the differenoe being most marked for the P states. It can 
be seen that, for eleotrons of low energy, excitation of the triplet 
state is more probable than excitation of the singlet state and vice 
versa for high energy electrons. This difference in excitation 
probabilities for singlet and triplet states can be explained by 
use of wave mechanics(ll). 
The dependence of the probability of ionization on electron 
energy is shown in figure 3(b) which compares values for helium and 
neon. For helium, the probability increases to a maximum at eleotron 
energies of about 110 volts. Here, by common usage~ the electron-
volt energy unit has become shortened to the volt. 
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It is also possible £or ions or £ast neutral atoms moving 
in their own gas to ionize the gas atoms. Classioal treatment shows 
that the ions and atoms need to possess energies o£ at least twioe 
the ionization potential of the gas atoms for this to take plaoe. 
This result has been oon£irmed by Horton and Millest(13) by 
introducing a beam of fast neutral helium atoms into helium. Under 
ordinary conditions, positive ions have little chance of achieving 
energies of even 10 volts because they lose a large peroentage of 
their energy at eaoh collision. Varney, Loeb and Haseltine(14) 
state that ionization by positive ions in a gas under ordinar,y 
sparking oonditions, and even at low pressure and high F/p, is 
virtually ruled out. 
Ionization by metastable atoms can be important in gas 
mixtures when the Penning effeot may be observed. Ionization can 
take place when the metastable state of one atom is higher than the 
ionization potential o£ the other. In the case o£ argon impurity in 
helium, 
+ He t + Ar ... He + Ar + e. 
me 
So it can be seen that it is important to remove impurities £rom 
helium, otherwise additional ionization will ooour according to the 
above prooess. Biondi(15) has investigated the £ollowing process 
which could possibly ocour in pure helium: 
+ He t + He t" He + He + e. me me 
- 9 -
However, he states that it is only likely to occur in the positive 
oolumn of a d. c. discharge where it must be taken into account. 
Since electrons are the main oause of excitation and 
ionization of the atoms of a gas, the form of their energy 
distribution is of great importanoe. Heylen and Lewis(16) 
oaloulated the energy distribution of electrons in helium and 
obtained good agreement with other published distributions. The 
curves they obtained at various values of F/p are givon in figure 4-
It oan be seen that, as F/p decreases, so the distribution beoomes 
narrower. Reder and Brown(17) have also given a method for obtaining 
the eleotron energy distribution in helium. From their distribution 
theory, they made an indireot determination of the average energy 
of eleotrons in helium as a funotion of F/p (figure 5). These 
results were in good agreement with values obtained at low F/p 
-1 -1) (18) (19) ( < 10 volts om torr by Townsend and Bailey and by Smit • 
Although a swarm of charged particles may have velooities 
distributed in all directions about an average velocity, an electric 
field will move the swarm bodily. The average speed with whioh the 
oentre of the swarm moves in the direction of the field is called 
the drift velocity. The electron drift velocity has been measured 
in helium as a fUnction of F/p by, among others, Phelps, Pack and 
Frost(20). They used a double-shutter tube method at low values of 
-1 -1) F/ F/p « 1 volt cm torr • At higher p, they obtained their 
values from microwave methods which had been used to measure 
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the eleotron density in the positive column of a low pressure 
discharge. The drift velocities of molecular and atomic ions in 
helium have been measured by Hornbeck(2l). His method relied 
upon the measurement of transient currents resulting from the 
release of a very short (0.1 ~seo) pulse of photoelectrons at the 
cathode of a helium-filled tube. 
While all the charged particles are drawn to the electrodes 
by the electrio field, the uncharged metastable and eJmited atoms 
move through the gas by diffusion. So only a fraction of the 
metastable atoms oreated in the gas arrive at the cathode, the 
others being lost to the anode and from the sides of the gap_ The 
diffusion ooeffioient for helium metastable atoms has been given by 
Phe1ps(22) from optioal absorption studies on helium metastable 
atoms and moleoules. 
1.3 The first Townsend ionization ooeffioient 
The ionization currents flOWing in a gas can often be 
oonveniently studied by use of an experimental tube containing 
parallel eleotrodes where the inter-electrode distance can be varied. 
A stea~ source of eleotrons is usually provided in the gap, commonly 
by ultra-violet illumination of the cathode. The anode current i 
may then be measured at various values of gap distance ~ F/p being 
kept constant. On plotting a graph of log i against d, a straight 
line results up to a limiting value of d. This linear relationship 
- 11 -
can be readily explained by considering ionization of gas a toms 
by electrons which have gained sufficient energy from the electric 
field.. If the number of ion-pairs produced by an electron in 
moving 1 cm in the direction of the field is defined as n, the 
following relation can be obtained at constant ~p: 
i = io exp n d, (1) 
where i is the externally maintained current at the oathode and a. 
o 
is lmown as the first Townsend, or the primary, ionization coefficient. 
l/n thus represents the average distanoe travelled in the field 
direction by an electron in creating a new ion-pair. The number ot 
electrons produced by one electron in moving a distance x in the 
direction of the field is ea.xandthese electrons constitute an 
eleotron avalanche. If conditions are such that the distance d 
o 
the electrons have to travel from the cathode before attaining 
their equilibrium energy distribution is significant, the expression 
is modified to 
i = i exp n (d - d ) 
o 0 
(2) 
at constant ~p and constant d • 
o 
A coefficient which is often found useful is ~, whioh is 
the number of ion-pairs created by an electron in falling through a 
potential difference of 1 volt. This leads to the following expression 
for the anode current, again at constant ~p: 
i = i exp 11 (V - V ), 
o 0 
-12-
and the constant V is similar to the d of equation 2. a. and 11 
o 0 
are related by 1) = <jIE, and 'I') is itself a function of F/P. 
Although a. is not a unique function of F/p, alp ia and 
it can be related to F/p from elementar,y considerations(23). The 
energy gained by an electron from the electric field E in a free 
path 1 is Eel, where e is the eleotronio oharge. The probability 
of an electron ionizing a gas atom of ionization potential Vi is 
taken to be unity when Eel .. e Vi (figure 3(b) shows that this is, 
in fact, inaocurate) and zero when Eel < e V.. Then the chance 
l. 
that an eleotron will cause ionization depends on the probability of 
the occurrence of free paths greater than the ionizing free path. 
The following expression may then be obtained: 
alp = A exp [ -B/(F/p) J, 
where A and B are constants. von Engel(24) gives the values of A 
and B for a number of gases, indicating the range of F/p over which 
the equation holds. -1 -1 For helium, when A = 3 ion-pairs om torr 
-1 -1 
and B = 34 volts cm torr ,the equation is valid for F/p from 
-1 -1 20 to 150 volts cm torr • Again, for helium, with A = 3 ion pairs 
cm-l torr-l , but with B = 25 volts om-l torr-l , the equation is 
F/ -1-1 valid over 3 ~ p ~ 10 volts cm torr • 
If greater aocuraoy is required, theoretical calculations 
of alp must take into account the energy distribution of the eleotrons, 
the exoitation and ionization probabilities and the energy losses 
- 13 -
whioh ooour when eleotrons oollide with gas atoms. In a rigorous 
treatment of the problem, Heylen and Lewis(16) compared their 
oaloulated values of ~p in helium with the experimental results 
of Townsend and MoCallum(25) and with the theoretical values of 
Dunlop(26) who extended Smit t s(19) work. It can be seen from 
figure 6(a) that good agreement was obtained with Dunlop at low 
F/P. At higher values of F/p, the oaloulated values were about 
2<$ less than the experimental ones. 
Reoent experimental measurements of the primary 
ionization coefficient in helium have been made by Davies, Llewe11yn 
Jones and Morgan(27) and by Fletcher(28). Spectroscopically pure 
helium (supplied by B.O.C. in both cases) was used in these 
determinations. Fletcher studied the effect of gas purity on ~P. 
He used the helium with no further purifioation, purified by 
activated charooal at liquid nitrogen temperature and, finally, 
purified with the aid of cataphoresis techniques. Although Davies, 
Llewellyn Jones and Morgan used metal taps to prevent grease 
contamination of the gas, Fletoher used greased stop-oooks through-
out. Measurements of ~p were also oarried out by Chanin and Rork(29) 
who used niCkel eleotrodes in a stainless steel system. They also 
used cataphoresis techniques to help purify the gas. The results of 
the three investigations are oompared in figure 6(b), whioh shows 
that there is still some unoertainty as to the true value of alP. 
espeoially at higher values of F/p (greater than, say, 15 volts om -ltorr -1). 
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The disagreement between the values of F1etcher and those of 
Chanin and Rork (as much as 30% at some vaJ.ues of F/p) is especially 
surprising, since similar methods of purification were used. 
1.4 SecondarY ionization processes 
It was shown in the previous section that plots of log i 
against d at constant F/p are linear up to limiting values of d, 
On further increasing d, a departure from linearity is observed in 
the form of an up curving of the graph. At a oritical value d of the 
s 
gap distanoe, the ourrent becomes very 3:arge and breakdown of the gap 
occurs. The upourving is due to the produotion of additional charged 
partio1es by secondary prooesses which are dependent on the primary 
prooess of ionization by electron-atom collision. One result of the 
primary prooess is that positive ions, photons and excited atoms 
(including metastable atoms) may be present in the gas, Any of these 
may be responsible for the production of additional electrons in the 
gas and at the oathode, The re1evanoe of these prooesses to the 
present work will now be considered, beginning with secondary 
ionization in the gas. 
The ionization of gas atoms by positive ions and by meta-
stable atoms has already been considered in section 1.2, and it is 
unlikely that these prooesses oocur in pure gases under discharge 
oonditions similar to those enoountered in the present work. 
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Photo-ionization may take plaoe in the gas if a gas 
atom absorbs a sufficiently energetic quantum. The energy with 
which an electron is emitted from the atom is given by 
i mv2 = hy - eVi , where h is Planck's constant and v is the frequency 
of the radiation. The maximum probability of ionization or excitation 
taking place occurs at energies about 0.1 to 1 volt above the 
minimum energy for the particular process(30). It is obvious that, 
for pure gases.,the photons emitted in the decay of excited atoms to 
the ground state have not suffioient energy to ionize the ground-
state gas atoms. However, if such a photon is absorbed by a 
gas atom whioh has already been excited, ionization may take plaoe. 
The helium atom has a metastable level at 19.8 volts and its ion-
ization potential is 24.5 volts. So ionization of this metastable 
atom can be caused by photons with energies exceeding 4.7 volts. 
Nevertheless, it is generally oonsidered(31) that photo-ionization 
in the gas is not an important secondar,y mechanism at low pressures 
( < 760 torr). 
Having seen that seoondary processes in the gas are ot 
negligible importance in the present work, secondar,y processes at 
the cathode must now be considered. Electron emission from the 
cathode depends on the surfaoe work function~, which is defined as 
the minimum work necessary to remove an electron from the solid. 
The cathode can be considered to be a potential well in which the 
energy of an electron in the ground state is lower than that of an 
- 16 -
eleotron outside by an amount 'X.. Aooording to the Fermi-Dirao 
statistics, the eleotrons have energies distributed up to a maximum 
It is possible for positive ions inoident on a metal surfaoe 
to oause the emission of eleotrons provided KEion + eVi ~ 2 e /1, 
where KEi is the kinetio energy of the ion. Here the energy would 
on 
be in ergs if Vi and ~ were in eV (striotly, a factor of 300 needs to 
be inoluded for the conversion to e.s.u.). The faotor 2 appears in 
the relationship beoause, for each electron emitted from the surface, 
another esoapes to neutralize the ion. The process is characterized 
by the coeffioient y, which is the number of electrons emitted from 
the cathode by positive ion action per ionizing collision in the gas. 
The coefficient Yi is also used and is the number of electrons emitted 
from the cathode per incident positive ion, and Yi = y. 
The usual method by which a positive ion causes the emission 
of an electron is by the Auger process. An eleotron from the conduction 
band of the metal neutralizes an ion near the surfaoe and the energy 
released by the electron is then absorbed by a second electron in the 
metal, where the wave functions of the electrons overlap. Providing 
that the energy transferred to the second eleotron is sufficient, and 
its momentum is in the right direction, it oan esoape from the metal. 
Hagstrum(32) studied the interaction of helium and other ions with 
atomioally clean tungsten (figure 7(80». He concluded that the small 
dependenoe of Yi on the ion kinetio energy showed that the ejeotion 
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process was the single-stage Auger process, in whioh the ion kinetic 
energy plays only a very seoondary role. The emission due to 
He+, He++ and He2+ incident on gas-oovered tantalum(33) is shown in 
figure 7(b). Propst and LUscher(3~) carried out experiments for 
He+ incident on tungsten, whioh was either clean or covered with 
hydrogen or nitrogen. Their results for the clean surface agreed 
well with those obtained by Hagstrum. 
Beoause of the exponential multip1ioation of electrons aoross 
the gap, the majority of the partioles aotive in the disoharge are 
oreated near the anode. As ordinary excited atoms have a short 
( NlO-8 seoonds) lifetime, it is unlikely that they reach the cathode 
in suffioient numbers to be of importanoe. On the other hand, meta-
stable atoms have a relatively long lifetime (extending to 10-1 sec 
and above, depending on the conditions) and large numbers can reaoh 
the cathode under favourable conditions. 
Providing that the energy of the metastable state of the 
atom is higher than the work function of the cathode, e1eotrons may 
be emitted from the surfaoe. The coef'fioient e/a. is used to desoribe 
this process and is defined as the number of e1eotrons emitted from 
the cathode by metastable aotion per ionizing collision in the gas. 
Metastable atoms diffuse to the oathode, while the positive ions drift 
to the oathode under the influence of the applied eleotric field. So 
the metastab1e process is the slower aoting of the two. Diffusive 
loss of the metastable atoms oan be large and many of them oan be 
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destroyed in the gas. If metastab1e action is of importanoe, it 
should be indicated by a decrease in the generalized seoondar,y 
ooefficient (section 1.5) as the gap distance increases at constant 
~P. The number of electrons emitted from the cathode per incident 
metastable atom is defined as y. Not surprisingly, the condition 
. m 
of the cathode surfaoe Oan have a large effect on y. If' the exoess 
m 
Potential energy V t - ~ (Where V t is the energy of the metastable me me 
state) is large, as is the case with helium metastable states in 
combination with most surfaces, then y is large. Dorrestein(35) has 
m 
given experimental values of y m for helium metastable atoms incident 
on a platinum surfaoe covered with a gas film. He found that, for 
the 23S metastab1e atom, y = 0.24 and, for the 21S atom, y = 0.40. m m 
As with the other aotive particles, the majority of the 
photons in a disoharge are produced near the anode. About half of 
these photons will be lost to the anode. Some of the photons 
directed towards the cathode will be lost from the sides of the gap 
and others will be absorbed by the gas atoms. 
It is possible for quanta emitted by the gas atoms to be 
delayed in their passage through the gas by being absorbed and, after 
a short time, re-emitted by other atoms. Onoe a photon reaches the 
oathode an eleotron may be emitted it' h v ~ ej1. The coeffioient 
desoribing this process is &/0., which is defined as the number of 
electrons emitted from the oathode by photons from the disoharge per 
ionizing collision in the gas. In fact, only a fraotion of the expeoted 
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number of electrons is emitted depending on the nature of the 
surface and on the wavelength and polarization of the radiation. 
The photoelectric yield y is the number of eleotrons emitted per p 
incident quantum. Values for the photoelectric yield of a well-
degassed niCkel surface have been given by Kenty(36). The surface 
was illuminated by the short wavelength radiation given out by the 
positive columns of helium, neon and argon. Kenty's results for 
nickel and other surfaoes are given in figure 8, 
1.5 The second Townsend ionization coefficient and breakdown 
By considering the secondar.y processes to act simultaneously, 
the following expression for the anode current can be obtained: 
i exp a. d 
o i =-~------
l-(~a.)(exp ad-I) 
(5) 
at oonstant F/p. It' d (section 1.3) is significant, then d may be 
o 
replaced by (d - do)' ~o. is a generalized secondary coefficient and 
is the linear sum of the coefficients already oonsidered, henoe 
~ a. = y + 0/ a. + e / a. + ••• t ( 6) 
When prooesses other than those described by these three coefficients 
are of importance, the relevant coefficients must be included in ~a.. 
The coefficient ~o. is the seoond Townsend ionization coefficient or 
the seoondary ionization coeffioient. When ~a. reduoes to zero, 
equation 5 beoomes that given when the primary prooess acts alone. 
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If the gap distanoe is inoreased keeping ~p constant, 
hence keeping ~p and ~a oonstant, a value d is reached suoh that 
s 
1 - (~a)(exp a d - 1 ) = 0 
8 
and the ourrent i as given by equation 5 is mathematioally indeter-
minate. Experimentally, this oorresponds to the inorease of the 
anode ourrent to values limited only by the nature of the voltage 
supply and the external electrical cirouit. So d is known as the 
s 
sparking distance. 
Alternatively, if d is fixed and the voltage is increased, 
so increasing ~p and hence ~p and ~a, eventually 
1 - (~a)(exp a d - 1) = 0 
and breakdown of the gap occurs. This equation defines the onset of 
breakdown and is lrnown as the sparking criterion. For a given value 
of d, it is possible to obtain values of a and ~a such that the 
criterion is satisfied. Then, from the corresponding value of 
~p (= V/pd), it is possible to find the voltage that will give 
breakdown according to the criterion. Comparison between the 
calculated and observed breakdown voltages gives olose agreement for 
short gaps at reduoed pressures, so establishing the validity of the 
criterion. 
At (~a)( exp a. d - 1) < 1, that is, below breakdown, the 
ourrent is not self-maintained and i oeases if i is cut off. 
o 
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However, at breakdown and above, the discharge is self-maintained. 
Physioally, (~o.)(exp a d - 1) = 1 is a replaoement 
oondition. This oan easily be seen if, for simplicity, the y-
prooess alone is considered. The criterion (equation 7) then 
becomes y( exp a d - 1) = 1. One electron leaving the cathode will 
oause the production of (exp a d - 1) positive ions as it orosses 
the gap. The number of secondar,y electrons produced by these 
positive ions is y(exp a d - 1). If this is equal to unity the 
original electron is replaced. Thus the process is regenerative and 
the discharge is self-maintained. 
If (~o.) (exp a d - 1) > 1, the current inoreases in time and 
is only limited by the nature of the external eleotrioal circuit. 
The greater the amoUft by which (~o.)( exp a d - 1) exoeeds unity, 
the more rapid is the current growth. 
Sinoe alp and 0/0. are funotions of' F/p, we may write 
0/0. = Fl (V/(pd» and alp = F2 (V/(pd». The breakdown criterion 
then becomes: 
1 - [ Fl(V/(pd» I exp[F2 (V/(pd» pd ] - 1] = 0, 
and it is olear that, f'or a given value of pd, there is a particular 
value of the breakdown potential V. Thus, V = F (pd) and the 
s s 
breakdown potential is a funotion of the produot pd alone. This 
relationship is lmown as Paschen J s law. 
Experimental determinations of the breakdown potential obey 
this relation. A typical Paschen curve, obtained by Townsend and 
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McCallum for helium(25), is given in figure 9. The minimum in the 
curve is to be expeoted from elementary oonsiderations. The number 
of atoms in the gap is proportional to pd. At low pressures the 
electron mean free path is large and few eleotron-atom collisions 
take plaoe. To produce suffioient ionization for breakdown to ooour, 
the voltage has then to be increased as p deoreases, d remaining 
constant. A1: large p, the electron mean free path is small and few 
electrons gain enough energy over A. to oause ionization. The 
e 
ionization probability has to be increased to give breakdown and 
this is effeoted by inoreasing the voltage. So a minimum is predioted 
in the Pasohen ourve. 
MoCallum and Klatzow(37) observed deviations from Paschents 
law in neon and in argon. As d increased {p being adjusted to keep 
pd constant} the sparking potentials in neon and argon increased. 
However, no such variation was observed on carrying out similar 
experiments in helium. They explained the differenoe in the behaviour 
of' the gases on the basis of the rate of e1eotron diffusion perpen-
dicular to the field direction. In neon and in argon this rate is 
much greater than in helium. ThUS, in these gases, as d increases, 
electrons are lost in increasing numbers from the sides of the gap. 
For helium, it was unlikely that this effeot was appreciable, so the 
sparking potential remained constant as d increased. 
on 0/0., 
From the sparking oriterion, it oan be seen that V depends 
8 
so V should be dependent on the nature of the oathode. 
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This was confirmed by Llewellyn Jone/ 38) in his experiments on six 
different cathode materials in hydrogen. Furthermore Llewe1lyn Jones 
and Davies(39) observed large changes in the minimum sparking potential 
as a result of the deposition of films of alien metal on the cathode. 
A relation between the oathode work function and the minimum sparking 
potential was obtained by Davies, Fitch, Hopkins and Gozna(4Q). 
They found that a change in cathode work function of 1 eV ohanged 
the minimum sparking potential in hydrogen by some 55 volts. 
If values of alp as a function of Wp are lmown, the 
sparking criterion may be used to obtain values of CJ/a. as a function 
of ~p from measurements of Vs. It is also possible to obtain values 
of ~a from the current growth curves. ~raphs of ~a as a function 
of' F/p are gi. ven, for helium, in figure 10. It oan be seen that the 
values of ~a obtained by Davies, Llewe1lyn Jones and Morgan(27) are 
considerably higher than those obtained by Fletcher(28) at any 
selected value of F/P. It is possible that this discrepancy was due 
to the different techniques employed. Davies, Llewellyn Jones and 
Morgan used silver electrodes, whereas Fletcher used gold films 
deposited on glass substrates. 
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Chapter 2 
THE Tm.wORAL GROWTH OF IONIZATION 
In the previous chapter, the discussion was largely 
oonfined to steadY state oonditions. However, the ionization currents 
flowing in a gas can var,y in time. I~, for example, a constant 
voltage less than the sparking potential is applied to a gap and a 
short pulse of initiating eleotrons introduced by an interrupted 
beam of ultra-violet light, transient currents will flow in the gap. 
Al ternatively, when the photoourrent is kept constant and a voltage 
greater than the sparking potential is applied to the gap, the 
ionization current will grow in time until breakdown oocurs. 
As transient current techniques were not used in the present 
study, work similar to that of Molnar(41), Hornbeok(42) and Varney(43) 
will not, in general, be considered. However, some transient ourrent 
theory may be discussed when it appears relevant to the present 
problem. 
2.1 statistical and formative time lags 
It has been seen that breakdown of a gap does not take place 
immediately a voltage greater than the breakdown voltage is applied 
to it. If an overvoltage AV = V - V is applied to a gap, the ion-
s 
ization processes can only begin when an eleotron appears in the gap 
to initiate them. The delay between the applioation of the over-
voltage and the appearance of the initiatory eleotron is the statistical 
- 24-
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time lag t. The ourrent flowing in the gap then inoreases until 
s 
breakdown ooours, whioh is usually indicated by the start of the 
collapse of the gap voltage. The time taken for the ionization 
processes to generate sufficient current to cause breakdown is the 
formative time lag t f • This ia the time that elapses between the 
appearanoe of the initiatory electron and breakdown. The total time 
lag t is given by the sum t s + t f • 
The statistical time lag oan be obtained by measuring the 
total time lag t, sinoe, in praotice, t f is often very much smaller 
than t
s
- If t f is required, ts must be reduced to zero. This is 
usually effected by adequate ultra-violet illumination of the oathode. 
The formative time lag obviously depends on the ionization 
prooesses which, in turn, depend on ~p. So it is usual to speoify 
the value of ~p in oonneotion with measurements of t f • An indication 
of the manner in which t f depends on the peroentage overvol tage, 
6~~ = 100 (V - V )/V , oan easily be obtained... If, for given values YJO s 8 
of p and d, 6v,% is increased, ~p must also increase. This means 
that ~ and ~~ inorease, and faster time lags ensue as bV% inoreases. 
~.2 Early theories of the current growth 
Perhaps the earliest treatment of temporal growth was carried 
(44) 
out by Steenbeok , who derived the equations for the growth of a 
discharge using the first and seoond ionization coefficients. He 
assumed that the ourrent grew exponentially with time about a oertain 
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average build-up time ~, which was set as the characteristic time 
oonstant of the process. The current i flowing at time t after the 
voltage application was given by i = i exp (t/~), ~ being assooiated 
o 
with the formative time lag. He assumed that the y-process was the 
only source of secondary electrons and obtained the following relation 
from which ~ could be calculated: 
xv exp [ [a. - l/( ",W) ] d - 1] = 1, (8) 
a. - (~W) 
where l/W = l,l\f + l/W .. l/W and W and W are the positive ion 
.... - + + 
and electron drift velocities. 
It can be seen that equation 8 reduoes to the sparking 
criterion (equation 7) when '" is large and ~(~W) approaches zero. 
In this treatment of the problem, spaoe charge distortion of the field 
was negleoted. 
Schade(4S) approached the problem by first obtaining four 
expressions for the eleotron and positive ion currents at the oathode 
and at the anode. He then considered that, for a small overvoltage, 
a changed to a. + oa. while y remained constant. Using equation 4 for 
~p, he gave the following approximate expression for the formative 
time lag at a given pressure: 
The constants a and b could be obtained by matching a curve drawn 
from equation 9 to two experimental points. Schade's measurements 
- 27 -
in neon supported his view that the formative time was given by 
an expression of the form of equation 9. 
A simple treatment was gi. ven by Druyvesteyn and Penning< 46) • 
who oonsidered positive ion aotion at the oathode to be the only 
seoondary process taking plaoe_ One ionization oyole was oonsidered 
to be oompleted in a time approximately equal to the transit time 
t. of a positive ion moving from anode to oathode. Each of the 
l. 
eleotrons leaving the oathode produoes exp (ad) - 1 ion-pairs in 
travelling to the anode. The mean number of eleotrons liberated at 
the oathode by the ions oreated by one primary eleotron is 
y (e o.d _ 1) = M where M is the mul tiplioation faotor. Then the 
Photocurrent at the oathode i (oorresponding to n eleotrons per o 0 
seoond) is assumed to beoome i (1 + M) at time ti and i (1 + M + ~) 
o 0 
at 2t
i
- At t f = nti the eleotron ourrent at the oathode is 
i = i (Vn+1 - l)/(M - 1), from which the following expression for 
o 
t may be obtained 
f 
• 
(10) 
So far the only seoondary prooess oonsidered has been the 
y_prooess• The seoondary prooess of eleotron emission from the 
oathode by photons produoed in the gas was inoluded in Bartholomeyozyk's 
(47) 
solution of the problem .. Here the oathode was oonsidered to be 
exposed to oonstant ultra-violet illumination and, at time zero, the 
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potential difference of the eleotrodes was suddenly inoreased and 
then maintained constant. Ionization of the gas atoms was assumed 
to be the result of the a.-prooess alone. Then, by oonsidering an 
elemental volume and balanoing the increase in eleotrons and ions 
due to the a.-process and the deorease due to the net movement of 
charge, the important oontinuity equations were obtained 
! ai ai - - o.i 
- = -rx + w at (11) 
! ai a1 + + o.i 
w+ at = rx + , (12) 
where i and i are the eleotron and positive ion currents. The 
- + 
boundarY conditions to which equations 11 and 12 were subject were 
taken to be 
i (0, t) = y i (0, t) + 6 
+ 
! i _ (x, t) .-/1% dx, 
o 
i Cd, t)= 0. 
+ 
From these equations, Bartholomeyozyk obtained the following 
approximate expression for the ourrent amplification: 
(15) 
Here C is a oonstant and A is the real root satisfying F(d) = 0, where 
F( x) = 1 -7 (,Ix - 1) - t ( e tx - 1), 
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~ = a. - I/W, 
, = a. - ~ - X/W_, 
and J./W=l/W+l/fI. 
- + 
This solution was later criticized and modified by Davidson(4B) 
(see seotion 2.3). 
The eff'eot of metastable atoms on the current growth was 
taken into account by Engstrom and HuxfOrd(49). Although their 
theory was evolved for application to experiments on transient currents, 
the main features are of interest. They defined y to be the number 
m 
of 5eoondar,y electrons per positive ion created in the gas whioh 
are released by metastable action at the oathode. If a. is the 
m 
number of metastable atoms produoed per cm per electron, a.mfa. is the 
ratio of' the number of metastables to positive ions produced in 
the discharge. Only a fraotion f of the metastables produced difi"us8 
to the cathode where each metastable atom releases an average of e 
electrons. Then, y = e f a. la. and the steady at~te Townsend equation m m 
becomes: 
i exp a. d 
i - 9 
- 1 - ( Y + 8 f a. ja.)( exp ad - l} • 
For metastable atoms reaohing the cathode by diffusion, the 
probability of arrival at time t per unit time is closely approximated 
by pet) 1 = -
't 
o 
t 
exp (- -; ) 
o 
for t ~ 0 (16) 
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and pet) = 0 for t < o. 
Here ~ is the average interval between the oreation in the gas 
o 
(at t = 0) and arrival at the oathode for those metastables whioh 
reach the oathode. The differential equation describing the diffusion 
of metastables is 
am(x, t) 
at 
2 
= D a m(x, t) 
ax
2 
where m(x, t) is the linear density of metastable atoms at distanoe 
x from the oathode at time t and D is their coeffioient of diffusion. 
The spatial distribution of metastable atoms, when created, is 
assumed to be m(x, 0) = 0 for x < x and m(x, 0) « exp a(x - x ) 
m m 
for x 'x ~ d, where x is the distanoe which an eleotron must 
m m 
travel in the direotion of the field to obtain the energy of exoit-
ation of the metastable state. Engstrom and Huxford then gave the 
following solution of the diffusion equation: 
x 
m 
+ -d 
2 
x 
m 
+ d 
( 2 122 2--Od-- Q,d + 5 45 .... ) 
( +2 1 22 
-1 5' Od + 36 a. d + ...... ) 
+ ••••••••••••••••••• • ••••• J. (17) 
Thus the probable delay time of the arrival of the metastable atoms 
is known in form from equation 16 and in magnitude f'rom equation 17. 
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The following expression was then obtained for the form 
of the lagging current response to a constant photoelectric current 
initiated at time t = 0: 
i rise (t) = 1 - (1 - ia) ex.p[ - (i/"o) t J, (18) 
where the maximum equilibrium current was referred to as unity. I:r 
the photoelectric souroe was out off at t = T (tl = 0) when the 
rising current laoked saturation by an amount i , the falling 
o 
characteristic could be represented by: 
Here ia and ~ represented the fraction of non-lagging current for 
the rise and for the fall charaoteristic respectively and it could 
be shown that ia =~. Equations 18 and 19 could be used in the 
a.na.lysis of the time lag data. 
2.3 Theoretical approaches to the problem made since 1950 
KaohiCkas and Fisher(50) obtained an expression for the 
formative time lag by oonsidering that the only seoondary process of 
significanoe was the 6/a.-process. They assumed that all the photons 
produced in the gas are created very near the anode and that the 
time for a photon to cross the gap is negligible. The number of 
photoeleotrons produced at the cathode per ion-pair created in the 
gas was defined by them as Yp. A single electron starting from the 
cathode at time zero gives rise to yn (exp ad _ l)n photoelectrons p 
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from the cathode at time nt , t being the eleotron transit time 
e e 
and n the number of eleotron crossings. It was assumed that a 
spark occurs when . the number of electrons liberated from the 
oathode reaohes N, this number being the result of a single electron 
emitted at an earlier time. Then 
(20) 
is the oondition for a spark to occur after n eleotron transits. 
Here electrons liberated :from the cathode by an external source a.t 
times la.ter than zero were not taken into aocount. This was considered 
to be justified since the experimental results showed that the time 
lags were independent of i
o
• 
The breakdown oriterion (equation 7) in this case is 
y (exp a. d - 1) p s = 1 (21) 
where a. is the value of a. at the threshold. Now exp a. d ::. 1 and 
s s 
80 equations 20 and 21 g:i. ve: 
exp (nd 60.) = N (22) 
where 60. = a. - o.s. Since nd = t f W_, equation (22) becomes: 
_ loe; N 
- W 60. • 
-
If positive ion aotion at the cathode is considered instead of 
photon action, equation 23 shows that the time lags would be longer 
by the ratio of the velocities of eleotrons and positive ions. The 
theory leading to equation 23 was used by Kachickas and Fisher to 
- 33 -
explain the formative times they obtained in nitrogen at pressures 
from 150 to 700 torr. 
In contrast to the above approach, David80n(48) returned 
to Bartholomeyczyk's continuity equations (equations 11 and 12). 
The boundary conditions used by Bartholomeyczyk were inadequate, since 
the photo current i was not included in the boundar,y condition for 
o 
i_ (0, t) (equation 13). Moreover, Davidson pointed out that 
Bartholomeyczykts solutions are not accurate, since they do not 
reduoe at t = 0 to the charge distributions actually present at that 
time. However, Davidson showed that, it' A is given Bartholomeyczyk's 
value, and if 
P = 1 - Y (eo4_ 1) - ~J1 [e{o-U)d - 1], 
a short calculation confirms that 
iJx, t) exp{-a.x)= io/P + C exp [ ~ (t-JrlW_) J, 
together with an accompanying expression for i+(X, t), satisfies the 
continuity equations and the corrected boundary conditions. The 
oonstant C may be given a value which gives approximate agreement 
with the initial conditions. Thus, if the initial value of i _ (O, t) 
is c, the solution oan be made to have that initial value of 
i_ (0, t) by taking C as 0 - io/p. 
Davidson's approximate solution (equation 24) still does 
not satisf'y the initial conditions completely, giving any prescribed 
initial distribution of positive and negative charge in the whole 
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range x = 0 to d. F(d) = 0 (see Bartholomeyczyk's solution) has, 
in a.cldition to the real root, an infinite number of oomplex roots. 
So the last term of equation 24 must be replaced by a summa.tion 
containing these various Ats and with ets determined by the initial 
conditions. The accurate solution is then obtained in the form of 
series expressions for i_ (x, t) in two parts: the value which it 
would have if' the initial charge distribution were absent and the 
value it would have if the constant generation i were absent. From 
o 
these series expressions, it is possible to calculate the electron 
or ion density at any point x in the gap at any time t after the 
production of the initial eleotrons. 
In a later paper, Davidson(51) gave an alternative form of 
his exact solution which is more oonvenient for disoussing the earliest 
stages of the growth. He also subsequently explained his proof of 
the exact solution more fully and gave new forms of the solution(52). 
The continuity equations (equations 11 and 12) provided Auer(53) 
with a convenient starting point for his discussions of current growth. 
In the most recent of the three papers referred to, he considered 
only positive ion and photon action at the cathode and negleoted any 
spaoe charge distortion of the field. If, initially, no charge is 
present in the gap, th~ solutions ot equations 11 and 12 are subjeot 
to the boundary conditions: i (0, t) = f{t), i Cd, t) = 0 and 
- + 
t(t) is zero tor t < to. Here to is the starting time, which is later 
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set equal to zero. The function f(t) is specified through the seoondar,y 
meohanisms and is the oathode eleotron current density. 
For photon and positive ion secondary meohanisms only, the 
Town~end model gives: 
and 
r(t) = io(t) + y i. (0, t) + 8 j i_ (x, t) dx (25) 
i (t) = f(t) = 0 
o 
for t < o. 
o 
By oonsidering general solutions of the continuity equations 
in conjunction with equation 25, the cathode current density is given 
by: 
f(t) 
t 
= i (t) + ~ w J edl(t-a) f(s) ds 
o _ 
t 
+ S W_ J 
t-t 
e 
t-t 
(26) 
where te = ~_ = eleotron transit time, t+ = ~+ = positive ion 
transit time and t = d/W = t + t • e + 
Once a solution of equation 26 is obtained, the current 
charaoteristios of the gap are fully specified. For mathematioal. 
convenienoe, Auer oonsidered only one seoondary mechanism to be 
operative. Two solutions oould then be obtained, oorresponding to two 
dif"£erent sets of experimental conditions. Either the avalanche prooess 
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starts at t = 0 with a unit pulse of charge, no other charge entering 
the system from external sources at later times, or the cathode is 
subject to oonstant illumination, resulting in a st~ i • 
o 
Bandel (54) also began his discussion with the oontinuity 
equations (equations 11 and 12) and considered that the c., y and 
Sic. prooesses were the only relevant mechanisms. An expression for 
i_ (0, t) was obtained which, for t > d/W, reduoed to Davidson's 
solution{4B). To explain the disagreement between theor,y and experi-
ment in air at high pressures ( ... 700 torr), Bandel considered the 
possibility of the photon action being delayed, for example, by the 
entrapment of resonance radiation. However, he suggested that a 
metastable process having a lifetime of the right order could account 
for the observed discrepanoy. Such a process is the three-bo~ 
oollision, in which a metastable atom collides with two normal gas 
atoms to give an excited molecule and a normal atom. The exoited 
molecule then falls to the ground state with the emission of a photon. 
However, no definite conclusions were given. In an attempt to explain 
the hyper-exponential increase in ourrent observed just before break-
down, Bandel concluded with considerations of the field distortion 
due to positive ions. 
MiyoShi(55) also approaohed the problem by oonsidering the 
continuity equations. As before, the only seoondary processes considered 
were those of positive ion and photon action at the oathode. A solution 
was given in three forms oorresponding to times shorter than the 
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eleotron transit time t , times longer than t but shorter than the 
- -
resul tant transit time t (= t + t ) and times longer than the 
- + 
resultant transit time. The caloulations were oarried out for a 
constant i and an instantaneous release of photoelectrons at the 
o 
initial time. Davidson later showed(52) that one of his solutions 
was an aocurate form of an approximate solution proposed by Miyoshi. 
Jliyoshi (56) used his analysis to oalculate the development of space 
oharge in the transient Townsend disoharge. He sugg~sted that the 
formative time is a preliminar,y stage for developing the anode 
region of the glow disoharge in the photon predominant oase and for 
developing the cathode region of the glow disoharge in the positive 
ion predominant case. 
Yenes(57) essentially used Bartho1omeyozyk t s simple 
exponential build-up theory to analyse his results for argon. He 
considered only the oase where the secondary meohanism is due to 
positive ions or to a simple delayed-photon prooess. For positive 
ion aotion at the oathode, the boundar,y conditions to whioh equations 
11 and 12 are subjeot are: i+ (d, t) = 0 and i_ (0, t) = Yi i+ (0, t). 
A definition of Y i is given in seotion 1.4. For del83"ed photon 
aotion, it was assumed that photons are emitted from an exoited state 
having a mean lifetime " and that they proceed unhindered, a i'raotion 
g arriving at the cathode. The number of excited states oreated in 
the discharge is given by B whioh is the number of excitations per 
eleotron per cm drift. Then the second boundary condition is replaoed 
by: 
i_ (0, t) = y "8 g p 
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! ] 
o -(1) 
'Where y is as defined in seotion 1.4-p 
Menes then assumed solutions whioh are exponential in time 
and of the form: i (x, t) = j (x) exp A t, where A is the growth 
oonstant of the discharge. Expressions can then be obtained for the 
rate of build-up A in terms of the parameters of the disoharge. For 
positive ion action: 
y. Q, 
~ [ e(a.-'A/W)d - 1 J= 1 
and for delayed photon action: 
y g 8 p 
Setting ~ = 0 in the second equation gives the case of undelayed photon 
action. 
Having measured A, it is possible to obtain values of ~ 
from these expressions. Menes oompared values of ~ for argon with 
both oalculated imprisonment times for resonanoe ra.diation and del~ 
times for molecular radiation (see discussion of Bandel's work) as 
observed by 0011i(58). He observed that the imprisonment times were 
of the right magnitude to explain the build-up rates obtained. The 
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Colli-prooess delay times were in fair agreement with data at higher 
pressures ( .... 500 torr), but at lower pressures (- 50 torr) were too 
short to explain the observed build-up rates. 
Recently Davies, Evans and Llewellyn Jones(59) gave a 
numerical method which enabled the growth of the discharge to be 
traoed from its initiation to the transition to the glow discharge 
involving fields distorted by space-charge. Again only the a, y 
and GIG prooesses were oonsidered. The theoretioally predicted 
curves of voltage collapse agreed with those observed experimentally 
in hydrogen when the field distortion was taken into oonsideration. 
~, It. Metastable atoms and the temporal srowth 
The first aocurate mathematical treatment to include mets.-
stable aotion at the oathode was given by Davidson(60). He also 
dealt with the seoondary oathode prooess due to fluoresoent light, 
in whioh electrons are released from the oathode by photons which 
have been repeatedly absorbed and re-emitted by the gas atoms. These 
photons can be considered to move through the gas by a diffusion prooese. 
Final.ly, Davidson considered the general case where, in addition to 
these diffusion prooesses, there is secondary action at the cathode 
due to positive ions and unsoattered photons. 
At first, Davidson assumed that the seoondar,y prooesses only 
oocur at the oathode and that they depend on the dif'f'usion of (a) mets.-
stable atoms and (b) repeatedly soattered photons. The formulae used 
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to represent the two oases resemble eaoh other and .c~oiseness is 
.~ .. ", 
gained by taking advantage of this resemblanoe. The diffusion 
equation satisfied by the aotive partioles (metastables and photons) 
is written: 
an(x, t) 
at 
+ a... e o.x 1 (t _ ~ ) _ n( x, t) 
~ w "C. 
- 1 
Here n{x,t) is the spatial density of the partioles, ~ is the 
number of aotive partio1es an e1eotron oreates in travelling unit 
distanoe in the x-direotion and 1/1:1 is the fraotion of active particles 
in any region which are destroyed per unit time by oollisioD8 with 
unexcited atoms. In oase Ca), the diffusion coefficient D is given 
by D = 1/3 .1 V, where..t is the mean free path for metastab1e atoms 
and v is their mean kinetio velooity. In oase (b), D is given by: 
D = 1 • 3 (1:+1/ o)(l-F ) 
This is obtained by oonsidering the fraotion of the free photons 
whioh beoome bound per unit time to be o/i , where 0 is the ve100ity 
of light and ! is the oollision mean free path for photons. On re-
emission, they retain a fraotion F1 of their original' resultant 
momentum. 
With the oorreot boundary conditions, equation 27 can be 
solved to obtain an expression for the oathode current as a funotion 
of time. Davidson obtained his solution in two forms. One form 18 
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valid at all times, the other is valid when t/l' is a fairly small 
fraction, say 1/4, and is of limited interest (T is the average time 
an active particle takes to diffuse to the oathode). Here we shall 
only consider the solution which is valid at all times. 
The equation for the electron current density at the 
cathode i_may be written: 
A is the real value satisfying O(z) = 0, i.e. satisfying: 
(o-z)[ (a.+z) F + 01] e-
2zd 
+ 2°1 z e(a.-z)d 
- (o.+Z)[ (a.-z) F + °1] 
where °1 is given by: 
1 L (or!) 
a. a. 
Cm> ad - ad - 1) 
exp ad - 1 I 
= 0, 
(28) 
(29) 
(30) 
depending on which of the two processes (sl la. process due to trapped 
radiation or e la. process due to metastab1e atoms) is considered. F 
is given by: 
F = 1 - (y + 8/a.)(exp ad - 1). 
The other symbols have their usual meanings. 
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The procedure for the oaloulation of the formative time 
lag as a function of peroentage overvol tage aVfo can now be outlined. 
At given values of p and d, the sparking potential is measured and 
CJ.(a. is calculated from the sparking oriterion. A value of aV% is 
chosen and the corresponding value of a. is obtained from previous 
measurements. By choosing arbitrary values of the seoondary 
coeffioients, y, 0/0., •••• , A may be obtained from equation 29. 
Onoe A is mown, 
(i;)A = 2AF - 0l - 201(Ad-l) e(o.-A)d - e-
2
'Ad [ 2Fd (0.2_'A2) 
+ 2d °1 (o.-A) + 2AF + °1 ] (32) 
may be obtained. 
Experimental values of i and i , together with the values 
- 0 aQ 
obtained for 0/0., a., d, 'A and (a;»).., oan be substituted in equation 
28. If i is chosen to be the value of the cathode ourrent when 
-
breakdown oocurs, t beoomes the formative time lag t f • The equation 
mss then be solved to give Dtf and knowledge of D gives t f for the 
given conditions. Repetition of this procedure for different values 
of AV% gives the required oaloulated curve. 
In the above it was assumed that the trapped radiation 
could be treated as a diffusion prooess characterized by a diffusion 
coefficient. Also d/W_ and d/W + were regarded as being very much . 
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less than t. All contributions to the current arising from the 
imaginary roots of equation 29 were neglected. Final.ly, it was 
assumed that there was negligible destruction of the diffusing 
particles in the gas_ 
Davidson(61) extended his treatment of the problem to 
include consideration of processes such as the conversion of atomic 
ions into molecular ions, metastable atoms into metastab1e molecules 
and the transition of atoms from metastab1e and resonant states 
with the production of undelayed photons. He also considered the 
transfer of resonant photons through the gas, in accordance with 
Holstein1 s theory(67), and included delayed radiation from excited 
states which have a long lifetime '"1- He first obtained the 
following expression for the cathode current at time t for secondar,y 
aotion due to positive ions and delayed radiation: 
where F(p) 
1Jr 
1 
and Fro) 
1 
= F(O) 
1Jrd 
= 
1 6 'e -1~ 
- H1+p '"1 
= Q, - p/W_, ~ 
,/d_ll Q,x ~ , 
= a. - p/W, ~(p) 
1 
= ( 8/ a. + y)( exp ad - l} 1 .. • 
= 
aF!I!l 
ap 
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The summation extends over all values A. of p which satisfy F(A.) = O. 
At large values of t the complex A.' s beoome relatively negligible 
and the expression for i_CO, t) reduces to the form 
1 
= F(O) ~ + A F(A.) t 
whioh mBJ be written 
t and 
i (0, t)/i 
- 0 
= A - B exp r.. t. 
If V > V , the term A may be omitted at sufficiently large 
s 
i (0, t)/i 
- 0 
= - B exp r..t. 
Davidson then proceeded to find the general solution for 
the case where the trapped photons obey the law of Holstein radiation. 
Previously it had been wrongly assumed that the diffusion law for 
trapped radiation was analogous to that for metastable atoms. 
Davidson's first step was to set up, for all types of aotive partiole, 
expressions of the form i k (x, t) = ix (x, 0) exp r..t. By treating 
the problem in this general manner, he obtained the expression for 
i (0, t) at large t: 
i (0, t)/i 
- 0 = 
where: A = l/F{ 0) and B = - l/)..Fl(A.). 
A. is the real value satisfying F(r..) = 0, the oomplex ),,1 s being neglected. 
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F(A) is given by 
F(X) = 1- LYk fk (X), 
where fk (A) = ~ (0, t)/i_ (0, t), i k (x, t) being the current 
of each type of active particle, and, in the simple exponential 
8olution, ~ (x, t) = ~ (x, 0) exp Xt. 
Of all the differential equations and boundary conditions 
which have to be satisfied, there is only one equation in which the 
coeffioients Yk of seoondar,y ionization ocour. These coefficients 
appear in the equation describing the condition that the oathode 
eleotron ourrent at time t is the sum of i and the eleotron currents 
o 
generated at the cathode by the secondary action of the various types 
of active particle. 
PhelPs(66), in considering processes aoting in helium, 
oalculated the value of X from an expression he obtained for F(X). 
This :fUnction F(X) = 1 - L Yk fk (X) was a complicated expression. 
However, equation 33 remains valid when the F speoified by Phelps 
is inserted. 
If V is only slightly greater or les8 than V , the A of 
8 
the simple exponential solution is of small magnitude, and so we can 
write F(O) = F(A) - X F\X) by neglecting terms in higher powers 
of A. Since F(X) is zero, equation 33 becomes i (0, t)/i = (l-exp Xt)/F(O). 
(~) - 0 
McClure began his treatment of the problem by consider-
ing an electron leaving the cathode at time t = 0, when the applied 
-46-
voltage is V. On the average, this electron causes, say, L (V~ t) dt 
secondary electrons to leave the cathode during the interval 
(t, t + dt). Thus: 
iJt) = i + o 
t f L (V, t - T) i JT) dT 
_Cl) 
It io and V are time independent, the solution of equation 34, with 
i (0) = i , is: 
o 
i_( t) = i [1 - K (V) exp (t/O) ] 
o 1 - K (V) , (35) 
Cl) 
where K (V) = L L (V, t) dt. K (V) is the total number of secondary 
electrons a typical electron from the oathode subsequently causes 
to leave the oathode. At small overvoltages, the time oonstant 0 
is given by: 
06V = 
o 
wbere tbe subsoript b implies that the quantity is evaluated for 
the oonditions existing at breakdown. The usual definition of Vb is 
given by K (Vb) • 1, whioh is the requirement for a self-sustaining 
disoharge. In equa.tion 36, R (V, t) = L (v, t)/K (V). Equation 36 
shows that the delayed secondary emission oocurring during (t, t + dt) 
contributes to 0 in proportion to the length of the delay t and in 
proportion to the rate of release of seoondaries R (Vb' t). The rate 
of build-Up is 1/0. 
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McClure discussed these equations for the particular 
case of a Townsend discharge in neon at low pressures and ovel'-
voltages of less than one volt. He assumed that the discharge 
was entirely sustained by the return of positive ions and metastable 
atoms to the cathode. He evaluated Q6V in terms of independently 
observed parameters and compared these caloulated values with direot 
observations of the build-up of the discharge. The general features 
of the experimental results agreed. with the ca.lculatee. values, but 
the experimental values of 06V' as a £\mction of p d lay below the 
o 
calculated values by about some l~, indicating that the disoharge 
built up faster than predicted. McClure had previously concluded 
that the predominant contribution to 06V was due to metastable atoms, 
the ions being expected. to contribute only a faw per cent, even 
though about ten times as many ions as metastables reach the cathode. 
So he suggested that the discrepancy between the values for 06V was 
due to the effect of metastable aotion not being as large as he 
had predicted. 
Chapter 3 
PREVIOUS MEASUREKENTS OF FORMATIVE TIME LAGS IN HELmM 
The previous chapters have been oonoerned with general 
ionization growth theory and the ionization and excitation prooesses 
oocurring in helium, so the particular case of the temporal growth 
of ionization in helium may now be considered. It would seem that 
the only previous measurements of the temporal growth of current in 
helium were those of von Gugelberg( 63) and Davies, Llewe11yn Jones 
and }J.orga:n( 64). These will now be reviewed in turn. 
3.1 von Gugelbergts measurements 
von Gugelberg carried out his experiments on seven gases. 
Besides helium, these included argon, krypton, xenon, hydrogen, 
nitrogen and a neon-argon mixture. He used five sealed-ott tubes 
containing plane parallel electrodes, the cathode being illuminated 
through holes pierced 10 the anode. Two of the tubes contained 
movable eleotrodes enabling d to be varied while the others had 
gap distanoes fixed at 1.3, 3.0 and 7.5 mm. The electrodes used 
were either clean nickel or nioke1 whioh had been ooated with barium 
and its nitride. 
von Guge1berg followed a theoretical approach which was 
similar to that of Steenbeck and Bartholomeyczyk. A differenoe was 
that he took into account the externally maintained current i by 
0' 
replacing the boundary oondition (equation 13) by the expression: 
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d 
= i + Y i (0, t) + gy 
o + p ! i _ (x, t) f(X) e-lJXa.x, 
(37) o 
where g is a geometrioal faotor for photon arrival at the cathode, 
:r(x) is the ratio of photons to eleotrons produoed at a distanoe x 
from the cathode and 11 is the photon absorption ooeffioient. 
It was assumed tha.t the current grows exponentially with 
time about an average build-up time 't, which is oharaoteristio of 
the partioular breakdown oonditions. Then j_ (x, t) = et/'t j_ (x), 
and the quantity 't is associa.ted with the formative time lag. 
von Gugelberg obtained the breakdown relation: 
d r (a,..Ajw}ax 
1 = i li (0, t) + y J a, eO cbe 
o -
+ g y p 
d ! :r(x) 
o 
o 
r ( a,..}jw) dx-IJX 
o 
e dx • (38) 
He then obtained the relation gi. ven by Steenbeck (equation 
8) for positive ion aotion, together with a corresponding relation 
for combined positive ion and photon aotion. Finally, he obtained 
the following expressions for the growth oonstant ~: 
A. = W [a, - 11 - 1. in (Q,..H)] photon - d gfy p 
aocording to whether positive ion or photon action was predominant. 
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It was then possible to plot a calculated curve for the 
reciprocal of the time against values of d or V, for given values 
of E and p. If, as in von Guge1berg's case, the time t was taken 
to be that for the current to grow :f'rom 10-11 to 10-4 amp, 
j (x, t)/.1 (x) = 107 = e.xp (}'t) and lIt ~ }'/16. 
- -
In figure 11 the caloulated curves are given for positive 
ions and photons each acting alone.. The third curve was obtained 
by assuming a photoelectric co~tribution of 0.3% to tee combined 
action of ions and photons. 
Similar curves were plotted for each gas for varying ratios 
of y and Yp. The curve which gave the closest fit to the experimental 
results for the given conditions gave the relative contributions of 
the two actions. Thus, for helium at a pressure of 7 • .5 torr and 
-1 -1 E/p ~ 140 volts cm torr , it was shown that photons oontributed 
less than O.~ to the total ionization, the rest being due to 
positive ion and, possibly, metastable atom action. 
The effect of metastable action was noticeable in the 
measurements, even though it was not included in the theoretical 
treatment. Near and below the threshold for positive ion action, 
long build-up times were observed. Where these occurred, the curves 
of 1.It against V showed a steep rise at onset. The long, near~ 
horizontal portion of the ourves went through a point of inflexion 
and reached the value of ~t which was charaoteristio of ions. The 
metastable effect was largest in helium and decreased for the 
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heavier inert gases. This variation was probably related to the 
deoreasing metastab1e excitation energies with increasing atomio 
weight. 
Experimental curves obtained by von Guge1berg are shown 
in figure 12. They give the time for the current to build up frOIl 
10-11 to 10-4 amp in a helium dincharge at varying values of d. 
A large range of overvoltage was co·.,e::-cc.. By comparison, the largest 
overvoltage in the present work was about 15 volts. At an ove~ 
voltage of 5 volts, von Gugelberg obtained formative times of about 
1 to 10 milliseconds over the pressure range 3 to 19 t~rre 
,i,2 The experiments of Davies. Llewell:yn Jones and Morgan 
von Gugelberg only briefly considered the aotion of meta-
stable atoms liberating eleotrons from the cathode. This et'f'eot 
was considered in more detail by Davies, Llewellyn Jones and Morga.n(64). 
Their experimental tube contained. two plane-parallel, 
silver eleotrodes which were 3 om in diameter and had rounded edges 
to reduce local field intensifioation. The inter-electrode distanoe 
was fixed at 0.817 cm and the borosilicate glass envelope was fitted 
with a quartz window so th.a.t the cathode could be illuminated with 
ultra,,-violet light through fine holes in the anode. The 8 cm 
diameter envelope was fitted with an earthed metal screen in contact 
with the inside wall of the tube to prevent build up of oharge. 
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By means of standard techniques, in which an Alpert-
-8 type ion pump was used, pressures of the order of 10 torr were 
achieved. before introduction of gas to the experimental tuJ::>e. To 
reduce possible sources of gas contamination, metal taps were 
used and the gas pressure was measured by a bellows micro-manometer, 
used as a null deteotor, in conjunotion with an oil manometer. 
The helium was supplied by the Bri t::.sh Oxygen Company and. contained 
2 parts per million of carbon dioxide, 4 ppm of oxygen and. 2 pp. ot 
other carbonaceous gases. Further purification Was carried out by 
passing the helium through a trap containing activated oharooal at 
liquid oxygen temperature and a vessel containing titanium hyclride 
at room temperature. 
The curves obtained by Davies, Llewellyn Jones and Norgan 
are shown in figure 13, which gives the variation of the tormative 
time lag with peroentage overvoltage. By var,ying the helium pressure 
tro- 5 to 40 torr, seven ~es were obtained at different values 
In an attempt to explain these results, Davies, Llewellyn 
Jones and Morgan assumed that the only secondar,y processes acting 
were those due to the incidenoe of positive ions., photons and meta-
stable atoms at the oathode. Using Davidson's analyais(60)(seotion 
2.4), families of curves of formative time against percentage over-
voltage were calculated. corresponding to various assumed oombinations 
and proportions of the seoondary coefficients y, 8/0. and e/o.. These 
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curves were then compared. with the experimental data. 
The secondar,y emission was first assumed to be entirely 
due to posi ti ve ions, i. e. 6/0. = s/o. = 0 and w/o. = y. Here the 
calculated values of t f were found to be shorter than the 
experimental values by a factor of about 102 over the whole range 
of observations. Since the y- prooess alone was too fast to explain 
the results, the faster 6/o.-prooess also could not by itself aooount 
for the values of t f obtained. They next considered that the 
secondar.Y emission of electrons at the cathode was due to metastable 
atoms alone, i. e. y = 6/0. = 0 and w/o. = S /0.. In this case, the 
oaloulated values of t f were about 100 times 10 nger than the 
measured values. 
Since none of the three prooesses acting alone oould aooount 
for the observed growth, Davies, Llewe1lyn Jones and Morgan next 
oonsidered the possibility of a suitable combination of the positive 
ion and metastable processes. At partioular values of E~p and 
6V%, various values of the ratio s/(OI'() were ohosen, for y + s/o. = 0./0., 
until the calculated and measured times oorresponded... Agreement 
oould be obtained at a particular value of 6V% but, on changing 
6~ and repeating the calculation for the same value of S/(OI'() , the 
oloseness of the agreement deteriora.ted. At the highest value of 
-1 -1) I E /p (31.48 volts cm torr , when s,o. = 19.5% and y = 80.~ of 
s 
uto. there was fair agreement between the observed and calculated 
values for 0.86 , 6Vfo , 5.93 .. But at low values of E lp, the growth 
8 
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was not satisfaotorily explained by this oombination of SIc. and y. 
I 6 -1-1 At E P = 8, 1 volts om torr , the oombination giving the closest 
agreement was sIc. = 4.2% and y = 95.8'fo. Even so, the agreement was 
very poor. 
These combinations of y and slo. represented the optimum 
results based on a wide range of oombinations of the secondary 
processes oonsidered, so the authors suggested that these three 
prooesses were inadequate to explain the observed grOt'lth times. 
They ended. by proposing that other prooesses should be investigated, 
such as the action of delayed photons at the cathode. This they 
did in a subsequent paper which is the subjeot of the next section, 
~,3 Additional discussion of their 1963 results by Davies, L1ewe1lyP 
Jones and Morgan 
Davies, Llewellyn Jones and Morgan soon presented a 
turther disoussion(65) of the secondary ionization processes in 
helium based on the formative time lag measurements given in their 
(64) 
previous paper • 
The discussion opened with a review of the delay times 
of the various secondary processes acting in helium. The delay time 
'\' is the time between the appearance of an electron at the cathode 
1 
and the subsequent release of a further electron from the cathode 
by the process oonsidered. 
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The majority of the particles aotive in the discharge 
are created near the anode. Thus the positive ion delay time is 
the sum of the eleotron and positive ion transit times and is 
d/W + d/W. Since W :. W , the ion delay time may be written 
- + - + 
d/W + • For d = 1 om and for the range of E /p oonsidered (when 
W ~ 105 o~seo), the delay time assooiated with the y-prooess is 
+ 
N 10-.5 sec. Under similar conditions, the delay time for unsoattered 
photons (SIa.-process) is ,.. 10-7 seo. The delay time for the 
arrival of metastable atoms at the oathode ( s Ia-prooess) is given 
by ~ +d2/D t' where D t is the appropriate diffusion ooefficient. 
_ me me 
As in the positive ion case d/W_ can be negleoted. Thus, for a 
1 om gap, the delay time for the S 10. process i~ N 10-3 sec. The 
values of W ,Wand D t are those given in the papers referred 
- + me 
to in section 1.2. 
Previously, Danes, Llewellyn Jones and Morgan had 
conoluded that a process faster than the s Ia-prooess, but slower 
than the y-prooess, was required to explain the observed formative 
time lags. From the above consideration of delay times, such 8. 
process would be expected to have a delay time of about 10-4 sec. 
Possible processes, which were not considered in the previous paper, 
were those of' photoelectric emission from the cathode by imprisoned 
resonance radiation and by collision-induCed non-resonance radiation. 
The main source of non-resonance photons in helium was 
(66) 1 
shown by Phelps to be the destruction of 2 S metastable atoms 
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in 2-body oollisions with neutral gas atoms. The collision 
frequenoy for this 2-body prooess is proportional to p and the 
e~feotive cross-seotion for this volume destruotion of 21S meta-
o. -20 2 (66) 
stables a.t 300 K l.S 3 x 10 om • The time elapsing between 
the produotion of a 21S metastab1e and the emission of a non-
resonanoe photon oan be oaloulated to be 1/(192 p). Over the 
range of pressures used by Davies, Llewe1lyn Jones and Morgan (5 
to 40 torr), this time is N10-4 seo. By oomparison, the transit 
times of eleotrons and photons oan be negleoted, giving a delay 
time for the aotion of non-resonanoe photons at the cathode ~lO-4 sec. 
The motion of resonanoe photons through the gas oan be 
hindered by the repeated absorption and re-emission of the 
radiation by ground state gas atoms. The delay time for eleotron 
emission at the oathode by resonanoe radiation is partly determined 
-1 . by the number g of absorptl.ons and re-emissions made in traversing 
the eleotrode distanoe. It is also determined by the lifetime ~ 
o 
of the particular resonant state of the gas atom. The time spent 
by the photon in travelling between suooessive emissions and 
absorptions can be negleoted. So the time taken for the radiation 
-1 
to oross the gap is g 'to. An expression for g was given by 
Holstein(67) in terms of the impact broadening of spectral lines 
and an expression for 'to was given by Mitchell and Zemansky(68). 
Combining the two expressions gives: 
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1 
U5 · 
According to PhelPS(66), only one type of resonanoe 
photon reaches the oatoode in appreciable numbers in pure helium 
at pressures above 3 torr. These are the photons arising from 
the spontaneous 2~ - llS transi tio~ for which A = 584 i. The 
o 
ratio of the statistioal weights &j~ for this transition is 3, 
the osoillator strength f is 0.275(69) and the other symbols of 
equation 41 have their usual meanings. For the conditions existing 
in the experiments of Davies, Llewellyn Jones and Morgan, equation 
-1 -6 41 gives g 'to .... 10 sec. Thus, negleoting the electron transit 
time, whioh is an order of magnitude faster, the delay time for the 
-6 
resonance photon process is -10 seo. 
From this consideration of delay times, it would seem 
that the non-resonance photons, and not the resonanoe photons, are 
likely to be responsible for the observed time lags. Davies, 
Llewellyn Jones and Morgan then prooeeded to make a detailed 
quantitative analysis of the measured time lags using Davidson
'
s(61) 
treatment of the problem. 
For both non-resonanoe and imprisoned resonanoe photons, 
the cathode current is given by·: 
• The expressions given by Davies, Llewellyn Jonea and Morgan differ 
slightly from the ones given here. For example, i does not appear 
in their formulation of equation 42. It would see8 likely that 
these errors were typographical. 
i_CO, t) 
i 
0 
where: A 
B 
F(p) 
and A is the real root of 
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= A - BeAt 
1 
= F(O) 
I: _ 
= a._ 1l W 
F(p) = O. 
(42) 
(43) 
1 (44) 
(45) 
(46) 
The type of radiation considered affeots the coeffioient 
°1 of equation 45. 
It will be reoalled that o. is the number of 
.L 
photoeleotrons produoed at the cathode by delayed radiation as a 
result of one eleotron travelling 1 cm in the field direotion. For 
oollision-induced non-resonanoe radiation °1 = t ~1 Yl , where ~ 
is the number of metastab1e atoms produoed by an eleotron in 
travelling 1 om in the field direotion and Y1 is the number of cathode 
e1eotrons released by each photon emitted by a metastab1e atom in 
2-body collision. For imprisoned resonanoe radiation 
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The factor lI[l + 0.175 (*d)413] is introduced(66) to aocount 
for the reduction in the current of resonanoe photons reaching 
the cathode as the result of preferential soattering of photons 
to the anode. This faotor varies from 1 for ad = 0 to about 
0.6 for ad = 8. ~ is now the number of exoited atoms in the 
2~ state produced by an electron in travelling 1 cm in the 
field direction, and y 1 is the number of electrons produced by a 
resonanoe photon on striking the oathode. 
For simplicity, only one of the two possible delayed 
photoeleotric meohanisms was at first assumed to occur. The delay 
time 't1 was taken as 10-
4 sec, which was the value indicated in the 
previous pa.per(64), and this value was substituted in the expression 
for F(p) (equation 45) together with known values of 61 (= 00), a 
and w. The growth oonstant A was oalculated from F(p) = 0 and 
-
this value of A used in the calculation of t f which wa.s then compared 
with the measured value. The prooedure was repeated for various 
values of 't1' until agreement was obtained between the oalculated 
and observed growth times and the value of 't1 whioh gave the required 
agreement was used to oaloulate a complete curve of t f against AVfo. 
If' agreement was obtained between the oalculated and experimental 
curves, it was assumed that the delayed photon process oharacterized 
by the partioular value of 't1 was responsible for the growth. 
Davies, Llewe1lyn Jones and Morgan obtained seven values 
of 't1 which gave agreement between the oaloulated and observed times 
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over the range of E /p from 8.61 to 38.08 volts om-1 torr-l. 
S 0 
These values are given in the third oolumn of table 2. 
Po E/PO 't1 x 10
4 1 4 
'tl (= 192 p o)xlO 
volt -1 -1 torr cm torr seo sec 
38.51 8.61 1.2 1.3 
29.43 10.04 2.4 1.8 
23.01 11.43 2.1 2.2 
19.17 12.93 2.3 2.7 
14-54 15.74 1.5 3.6 
10.10 20.82 1.7 5.1 
5.07 38.08 1.5 10.0 
Table 2. Radiation delay times. 
The average of these values of 'tl is approximately 1.8 x 10-
4 sec 
2 
which is about 10 times longer than the value predioted for 
resonanoe radiation. 80 they concluded that secondary emission due 
to trapped radiation was not signifioant in their work. 
. They then compared the oalculated values of 't1 with the 
1 
values for the volume destruotion rate of 2 8 metastables, given 
by 't = ~(192 P ) which are shown in the fourth oolumn of table 1 0 
2. For p > 19 torr, there was reasonably good agreement between 
o 
the two sets of values but at lower values of Po' the agreement 
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deteriorated until at p = 5.07 torr the delay times given by 
o 
1/(192 P ) were about six times longer than required.. This led 
o 
them to suggest that, at the lower pressures, the secondar,y 
, 
action might be explained by positive ions and delayed non-
resonanoe photons acting together at the cathode. 
In this oase, equation 45 becomes: 
pep) - 7 (p - 1) (48) 
and 't
1 
is now 1/(192 po)' 0/0. = y + 810. and if = a. - p/W. In the 
expression F(p) = 0 all the quantities are known except for y 
and 0l/a.. Since o:/a. (= y + 61a.) is known, any gi. ven choice of the 
ratio y: 0/0. allows y and 610. to be determined., and '" can be 
oalcu1ated. The formative time lag can then be obtained from the 
expression for the oathode current (equation 42). Thus, at a 
given value of E/po' the ratio y:61a. can be varied until agreement 
is obtained between the oalculated and measured curves of t f against 
6tFfo. The percentage contributions of °1/0. and y to w/cr., as obtained 
by Davies, Llewe1lyn Jones and Morgan, are given in table 3. 
E/P 6!0.% Y% 
_10 -1 
vo1 ts cm torr 
8.61 100 0 
10.04 100 0 
11.43 88 12 
12.93 76 24 
15.74 43 57 
20.82 37 63 
38.08 24 76 
Table 3. Relative importance of the y and 6/0. prooesses. 
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These values can be explained by oonsidering the 
dependenoe on ~p of the ratio of the number of exoiting to 
ionizing oollisions (~a)(70). At low values of ~p ( ~ 10 volts 
cm-I torr-l ), the number of exoitations to metastable states 
greatly exceeds the number of ionizing collisions by a faotor 
~ 10. So photoelectric emission by non-resonance photons is the 
dominant secondary process. 
much reduoed to a.ja ~ 2*. 
At high values of F/p , the ratio is 
o 
Also, over the range of pressure 
oonsidered, the rate of destruotion of metastables is reduced by a 
factor of almost 8. For these reasons, the non-resonance photon 
contribution to ~a is reduced as ~p increases. 
Davies, Llewe1lyn Jones and Morgan concluded by suggesting 
that, at pressures lower than those considered by them, ~a is 
likely to be due to t he combination of positive ion and metastable 
aotion at the oathode since, because of the low collision frequency 
at the lower pressures, the di~rusing metastables are not likely 
to be destroyed in the gas. 
* This value may have been obtained by extrapolation, since 
Corrigan and von Engel's curves only extend to 10 volts cm-1torr-l 
• 
Chapter 4 
JPPAlU!lVS AND EXPIiRDlEmAL PROCBWBB 
The experimental work was carried out in two phases. 
The first vacuum system used was, with some modifications, that 
which had been used for measurements in connection with a hydrogen 
disCharge(71). Two experimental tubes were used in conjunction 
with this system and these were designed so that work function 
determinations could be carried out in addition to formative time 
lag measurements. 
As a result of the experience gained from this arrangement, 
the vacuum system and experimental tubes were later re-designed and 
completely re-built. The second vaouum system had the advantage 
that the helium was nowhere in contaot with greased stopcocks or 
manometer oil, as it had been in the previous system. In the 
third and fourth experimental tubes the spacing of the electrodes 
was made variabl~so it would have been inconvenient to have 
included a vibrating reference eleotrode and the work function 
measurements were disoontinued. Tube 3 contained glass substrates 
on to which gold could be evaporated to for~ the electrodes; tube 4 
oontained niokel eleotrodes. 
Before discussing the apparatus in detail, it is pertinent 
to begin this chapter by considering the pur! ty of the helium used. 
.. 63 -
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4,1 Helium purification 
The helium atom has the highest known ionization 
potential, so electrons which have not sufficient energy to ionize 
the helium atoms may ionize any impurity atoms whioh may be present. 
It is obvious that this would affeot a and the other disoharge 
parameters, 80 it is important that the helium should be obtained 
in a high. state of purity. Therefore as muoh residual gas as 
possible should be removed from the system before the introduction 
of helium and this entails speoial regard to the vacuum techniques 
to be employed.. 
The helium was supplied in l-litre Pyrex flasks by the 
British Oxygen Company and was specified as being speotrosoopioally 
pure, containing not more than 2 parts per million of oarbon dioxide, 
4 ppm oxygen and 2 ppm other oarbonaoeous gases. Two methods of 
purifying the helium were considered. which involved the use of 
aotivated oharooal and the phenomenon known as cataphoresis. 
(a) Aotivated oharooal 
Aotivated oharooal has the property of sorbing gases and, 
as a result, has often been used as a form of vacuum pump. At a 
o 
temperature of -190 C and a pressure of 120 torr, 0.377 oos (reduoed 
to STP) of helium are sorbed per gramme of aotivated. oharooal(72). 
o For nitrogen, at -190 C and 33 torr, 80.7 oos ( at STP) are sorbed 
per gramme( 72) • Even though the pressure of nitrogen is lower 
than the pressure of helium, some 200 times more nitrogen than helium 
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is sorbed by volume by the charcoal and oxygen is sorbed even more 
readily(72). The sorption of gases is related to their critical 
temperature and, in general, the sorption increases with an increase 
in oritical temperature. As helium has the lowest critical temperature 
of any gas ( ~ SOK), it is least readily Borbed by charcoal. 
This s elective sorption of different gases by charcoal. 
can be used for the purification of suitable gases. When it is 
necessary, as in the present case, to obtain pure he]j.um, charcoal 
in liquid air may be used to remove gases such as nitrogen, oJlYgen 
and hYdrogen(73). Liquid air is often used as a coolant since the 
physical adsorption of gases increases with a decrease in temperature. 
(b) Cataphoresis 
When a d. c. glow discharge runs in a mixture of gases, the 
mixture often becomes enriched in one of the gases at the cathode 
and another of the gases at the anode. When this effect is due 
specifically to a drift of one gas towards the oathode, the process 
is termed cataphoresis. Cataphoresis was disoovered as early as 
1893(74) and has been studied experimentally by skaupy(75) and 
theoretically by Druyvesteyn(76}. 
Other experiments have been oarried. out by Riesz and Dieke (n) 
who used a long, cylindrical disoharge tube filled to a pressure of 
at least 10 torr with helium oontaining a traoe of neon. A d.c. 
discharge was maintained in the gas at currents of 10 to 30 mA and 
the intensity of any spectral line could be reoorded at any point 
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along the axis of the tube. When the disoharge was first turned 
on in speotroscopically pure helium, the neon lines showed up very 
weakly and they were uniformly distributed in intensity throughout 
the tube. Gradually, the intensity of the neon lines built up in 
the vicinity of the cathode and the prooess reaohed equilibrium in 
about two hours. The gradual decline in neon intensity observed for 
longer times was probably due to the clean-up of neon into the oathode. 
The time taken for neon and any other impurity gases to be 
pumped to their equilibrium distributions in the discharge tube 
depended on the amount of impurity present and the total volume of 
the gas. With a volume of 2 litres at 20 torr, and such impurities 
as were present in the helium used, the time taken was about 2 hours 
for a 20 mA discharge. 
The effectiveness of the cataphoretic action is controlled 
by the ourrent, pressure and the proportions of the gas mixture. The 
effect of pressure and ourrent on cataphoretio clean-up in helium 
with neon impurity is shown in figure 14. This shows that the slope 
of the neon distribution curve increases as the pressure or current 
is raised, indioating that the prooess of gas purifioation is inoreased 
by inoreasing the gas pressure or discharge current. 
Riesz and Dieke were limited by experimental diffioulties 
to pressures less than 30 torr and currents less than 30 mA. They 
believed that inoreases in pressure and ourrent above these values 
would further enhance the effeot. They conoluded that the minor 
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constituent was removed whatever its nature, so neon traces in 
helium were pumped to the oathode as were helium traces in neon. 
This was la.ter contradicted by Schmeltekopf'(78). 
The theory of the mechanism of' cataphoretic segregation 
has been dealt with quantitatively by Loeb(79) who maintained that 
the oataphoretic process requires that the gas separated by movement 
towards the cathode should be capable of being readily and more or 
less completely ionized by the ions or excited states of the carrier 
gas. The minority gas would then have a much greater fraction (if 
not all) of its population ionized in the discharge, while the 
carrier gas would have only perhaps 1 in 103 or 104. of its atoms 
ionized. So the minority gas would be rapidly driven to the cathode 
by the current relative to the majority gas. The impurity ions 
would then be neutralized at the cathode, and, as the impurity atoms 
began to accumulate in the cathode region, th~ would start to diffuse 
backwards to the anode. 
The rate of segregation of the two gases depends on the 
rate of ionization of the impurity atoms, on the drift velocity of 
the impurity ions relative to that of the carrier gas ions and on the 
ion transport current relative to the rate of return of impurity atoms 
by diffusion. So the oataphoretio effect increases, within limits, 
with increasing current and gas pressure. This is so because an 
increase in pressure increases the rate of formation of impurity ions 
through various types of impact with states of the carrier gas atoms 
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if these have ionization potentials greater than those of the 
impurity atoms. Inoreased gas pressure also retards the return 
diffusion of the impurity atoms. 
Once the impurity ions are neutralized at the cathode, 
the atoms cannot diffUse far towards the anode before they are re-
ionized and again attracted to the cathode. Rapid and effective 
segregation is likely if the ionization potential of the carrier 
gas atoms lies above that of the impurity atoms. The presenoe of 
larg~ numbers of gas ions ensures almost complete ionization of 
impurity atoms by charge-exohange processes. 
Experiments on cataphoresis in helium-neon mixtures were 
also oarried out by SChmeltekOPf(78) who ran a disoharge in the gaB 
mixture until equilibrium was established and then carried out a 
maSs speotrometrio analysis of the gas at the oathode, at the centre 
of the tube and at the anode. The results showed that the neon 
concentration was always greatest at the cathode even when the 
mixtUre was 99% neon. This contradicted the observations of Riesz 
and Dieke, who found that the minority gaB always moved towards the 
cathode. 
Scbmeltekopf suggested that this disagreement might have 
been due to the different methods of measurement used. Riesz and 
Dieke observed the ratio of light intensity of a neon line to a helium 
line as a function of position in the discharge tube and this method 
is only valid if the excitation conditions remain oonstant along the 
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tube. Very large fields exist at the cathode in a glow discharge 
and all the gases are excited, but in the positive column the gases 
with the lowest ionization potential are excited to a higher degree. 
Schmeltekopf observed that, for 99% neon in helium, strong radiation 
from the 5875 ~ helium line appeared at the cathode indicating that 
the helium concentration was high contrary to the result obtained by 
mass spectrometric measurements. 
The purity of the gas at the anode improved ~s the oathode-
anode distance was increased. Schmeltekopf introduced a quantity d, 
the quality of the cataphoresis, whioh was the distanoe between the 
anode and the point at which the neon light became visible. He 
obtained the curves given in figure 15 for 1% neon in helium and 
it can be seen that d improved rapidly at first with increasing 
current, but the rate of increase diminished at a current only a 
few tens of milliamperes higher than the onset current. In general, 
the quality of the cataphoresis decreased with decreasing pressure. 
Scbmeltekopf found that the best oataphoresis tube was 
50 to 70 cm long and 4 mm inside diameter in the positive column and 
anode region. The anode was a very small disc or wire and the 
cathode was 5-8 cm in diameter enclosed in a slightly larger diameter 
bulb. The long, narrow tube was kept as cool as possible and operated 
at a high pressure. A current regulator and a large ballast resistor 
were needed to make the discharge stable so the cataphoresis could 
work effioiently. 
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In the present investigation, the first system used was 
suCh that the helium would be in oontaot with a number of souroes ot 
oontamination before it was admitted to the experimental tube. So 
phosphorus pentoxide and aotivated oharooal were used to remove 
impurities before admission of the helium to the tube. For the 
seoond system, it was considered. that the helium would be of 
sufficient purity to dispense with the phosphorus pentoxide and 
oharooal. Cataphoresis was used with both systems on~e the gas had 
been admitted to the manifold. 
4.2 The vacuum systems 
The first vaouum system was construoted from borosilicate 
glass and a line diagram of the system is given in figure 16. The 
system was evacuated with a rotary backing pump in series with a two-
stage, all-glass, meroury-filled diffusion pump. A flask oontaining 
phosphorus pentoxide was oonneoted between the two pumps to prevent 
moisture and oil from the baoking pump reaching the diffusion pump. 
Two freezing traps were plaoed between the manifold and the pump to 
prevent mercury vapour reaohing the manifold. A Penning gauge was 
oonneoted just below the asbestos table on which the manifold was 
built and only two greased stopoooks were provided in this part ot 
the system. 
The gas-handling system was evaouated by the same backing 
pump, but here the diffusion pump was oil filled. and this system 
oould be isolated from the manifold by the greased stopoook T3• The 
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helium flask was closed with a thin glass seal which could be 
broken by a magnetically-operated glass-enoased steel slug and 
the helium passed into the system in controlled amounts by means of 
the stopcooks Tl and T2• Phosphorus pentoxide and activated charooal 
were included as shown in the figure. The pressure of the helium 
in the system was measured by means of a 3 metre oil manometer, 
whioh contained silicone oil (D.C.703). In use, one arm of the 
manometer was open to the diffusion pump and so was a-: a pressure of 
about 10-6 torr while the other was at the pressure of the helium. 
A Penning gauge was also included in this part of the system to 
monitor the pressure before admittanoe of the helium. 
The all-glass manifold was built above the asbestos table 
and was constructed so that an oven could be plaoed around it to 
bake it at 4500 C. On to the manifold were sealed an Alpert gauge, 
Penning gauge, getter tube, cataphoresis tube and experimental tube. 
Between the manifold and the pumps was a series of oonstriotions 
and breakers, so that the manifold could be closed to the pumps by 
sealing a oonstriction, and re-opened by breaking one of the thin 
glass seals (breakers) with a glass-en cased steel slug. The 
manifold could also be opened and olosed to the gas handling system 
by use of the greased stopoook T3• A spiral gauge was conneoted 
between the manifold and the gas handling system. 
The seoond system (figure 17) was also oonstruoted from 
borosilioate glass and was similar in some respects to the first. 
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However, the manifold could be isolated from the pumps by a bakeable 
metal closure valve (Edwards MCV 1) V3, which replaoed the constriotions 
and breakers of the first system. A torque of 35 ft lb was needed 
to close the three metal taps used in this system, 80 they were 
rigidly mounted on the asbestos table by means of a length of 
1 in. angle-iron. As before, the experimental tube, getter tUbe, 
Alpert gauge and cataphoresis tube were conneoted to the manifold. 
The gas handling system was oonsiderably different from 
the one just desoribed. The helium flask was connected to the 
manifold by way of two metal olosure valves and the gas supply 
system could be pumped to the same pressure as the manifold.. At 
first, a tube containing aotivated charooal was included, but this 
was later removed. Controlled amounts of helium could be let into 
the manifold by the two valves Vl and V2• 
The third seotion of the system was conoerned solely with 
pressure measurement and was evacuated by the baoking pump used to 
evacuate the manifold. This part of the system could be isolated 
from the pump by the greased stopoock T4• A l-metre oil manometer 
was used for pressure measurement, both arms of whioh could be 
pumped to pressures of the order of 10-3 torr. When the manometer 
was in use, the taps T 3 and T2 were closed and the right hand arm 
(figure 17) of the manometer maintained at 10-3 torr. The left hand 
arm oould be maintained at any pressure from 10-3 torr to atmospherio, 
this variation being aohieved by either letting in air through the 
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atmospheric leak by opening Tl or by extraoting air through the oapi1lary 
leak by opening T2• A spiral gauge was connected between one 
arm of the manometer and the manifold. 
4.3 The experimental tubes 
Tubes 1 and 2 were identical exoept for a difference 
in the electrode spacings, so it is suffioient to describe the 
design and oonstruotion of only one of the tubes. 
A sohematio diagram of the tubes is given in figure 18. 
A C9 pinch with 7 tungsten leads was the base on which the tube was 
constructed. A frame was formed from 5 mm diameter glass rod and 
was mounted on the stem of the pinch. Substrates were made in the 
form of glass discs of diameter 2.5 om and 3 to 4 mm thick by 
pressing molten glass rod between two oarbon plates. Nhile the 
8ubstrates were still hot, tung3ten rods (1 mm diameter, 2 cm long) 
were pressed into them to ~rovide an eleotrioal contaot. Glass rods 
were added as supports for the substrates whioh were then oarefully 
annealed. When cold, each substrate was ground flat using successively 
finer grades of carborundum powder, finishing with jeweller's rouge. 
A spot of Aquadag (colloidal graphite) was p1aoed on the exposed end 
of eaoh tungsten rod to prevent oxidation and to ensure good contaot 
with the metal surfaoe when deposited. 
The glass disos were then mounted in position on the frame. 
The diso whioh was to form the anode was rigidly mounted and a. second 
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disc was joined to a spring made of two tungsten strips so that 
it could be made to vibrate, mainly in the vertical plane, at 
20 to .30 0/8. The third disc was mounted on a glass hinge arranged 
so that it had two stable positions: under the anode and under the 
vibrating eleotr.ode. While this disc was being mounted, a machined 
plastic spacer was used to obtain parallelism between it and the 
anode. A glass-enoased steel slug was added 80 that the eleotrode 
could be moved by the action of a magnet and the slug also served 
t.o balance the weight of the eleotrode. 
A film of pure metal was .deposited in vacuum on to each 
8ubstrate by evaporation from a heated bead of the appropriate metal. 
These beads were made from high purity gold, silver and copper wire 
provided by Johnson Matthey Co. Ltd. A length of the appropriate 
wire (10 ems, 0.3 mm diameter) was wound on to a V-shaped heater of 
0.5 mm diameter tungsten wire, which was ' spot-welded to two lengths 
of 24 s.w.g. nickel wire. The high purity metal wire was heated to 
melting point in a stream of hydrogen, so forming a molten bead in 
the V of the heater. This heating also served to reduce any oxides 
present and helped to remove impurities. On oompletion of the heating 
process, a cylindrical niokel shield was spot-welded in position 
around the bead to ensure that the metal surface would be deposited 
on the substrate alone, so preventing possible shorting of the 
electrioal leads. The three assemblies were plaoed in position so 
that each bead oould see the appropriate sUbstrate. Gold was to be 
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deposited on the vibrating eleotrode, silver on the fixed anode 
and copper on the movable cathode. 
The eleotrioal oonneotions were made to the pins of the 
pinoh with nickel wire. In the case of the vibrating and movable 
eleotrodes, the connections were made with nickel tape in such a 
way that the. free movement of the eleotrodes was unimpaired. 
The envelope used was a oommeroial C9 hard-glass envelope 
enlarged by glass-blowing to give inoreased olearanoe between the 
eleotrodes and the walls of the tube. Three side-arms were joined 
to the envelope, one of which provided the conneotion to the vacuum 
system and another a lead-out for a conneotion to the electrostatio 
soreen. The third side-arm was oonneoted to a quartz window via 
a graded seal and was oarefully positioned so that ultra-violet light 
could be shone through it on to the oathode. The envelope was washed 
in ni trio aoid and distilled water and dried in an oven. Then the 
lead making the conneotion to the electrostatic soreen was positioned 
in the side-arm by means of a tungsten seal. The inside of the 
envelope was coated with Aquadag, leaving a window ln the ooating so 
that the anode-oathode spa.oing could be ohecked atter the drop-seal 
had been oompleted. 
Before the eleotrode assembly was sealed into the envelope, 
the movable eleotrode (oathode) was positioned under the fixed eleotrode 
(anode) and the gap distanoe d was measured with a oathetometer. The 
eleotrode assembly was oarefUlly positioned inside the envelope and 
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the envelope was drop-sealed to the pinch. The tube was then 
oomplete and was ready to be sealed to the vaouum system. 
Tube 3 (figure 19) differed. in many ways :from tubes 1 
and 2 but the constructional methods were o:ften similar. As before, 
the basis o:f the tube was a glass frame mounted on a seven-pin 
pinoh. Two glass substratea were made as desoribed above, but 
their diameter was now approximately 3 om. The substrate :forming 
the oathode was :fixed to the glass frame. A sliding ~eohanism was 
made from 5 mm ~lass rod and a sleeve of glass tubing o:f slightly 
greater diamete!; and the meohanism was mounted on the frame. A 
substrate was joined to the glass rod, whioh was then inserted into 
the sleeve and a glass-enoased steel slug added to the rod as shown 
in the :figure. This slug both balanoed the system and enabled the 
substrate to be moved by the action of a magnet. At this stage, the 
eleotrodes were adjusted so that they were parallel by holding them 
together and softening the sleeve support until it rested on the 
rod. The assembly was positioned as it would be when in use and 
tested :for parallelism by use of the oathetometer. The eleotrioal 
oonneotion between t~e movable eleotrode and one of the pins of the 
pinch was made by nickel tape so that the anode retained its freedom 
of movement. The oathode oonneotion of fine niokel wire was spot-
welded to the tungsten pin and the free end welded to a tungsten seal. 
Five side-arms were joined to the glass envelope, a sixth 
side-arm being joined to a quartz window by means of a graded seal and 
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placed so that ultra-violet light oould be shone on to the cathode. 
The electrostatio soreen was provided by subsequent evaporation of 
gold on to the walls of the tube. 
The eleotrode assembly was oarefUlly positioned inside 
the envelope and the glass rod support was sealed into its side-arm. 
By this means, the electrode system was firmly held in position and 
would not move even though the pinch might soften during the drop-
sealing process. A glass-encased steel slug was placed in the tube 
through one of the side-arms after the envelope had been drop-sealed 
to the pinch. This slug was eventually used to provide a window in 
the gold screen through which the gap distance oould be measured by 
use of a travelling mioroscope. A gold bead was prepared on tungsten 
heater wire by the method already described and a niokel soreen 
added to prevent evaporated gold reaching, and perhaps shorting, the 
pins of the pinch. The assembly was positioned so that the bead 
could see both electrodes when they were at their maximum separation. 
The bead could not be positioned close to the eleotrodes beoause of 
the possibility of field distortion ocourring during the experiments. 
The bead assembly was positioned in a 20 mm diameter side-arm by 
means of two tungsten seals. The conneotion to the cathode was sealed 
into the appropriate side-arm and the tube was ready to be joined to 
the manifold. 
Tube 4 (figure 20) was similar to tube 3. The only diff'erencea 
arose from the fact tha.t nickel electrodes were used. These electrodes were 
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formed from nickel sheet in a hydraulic press using speoially made 
steel dies, such that the finished electrodes were 3 om in diameter 
and had rounded edges. The eleotrodes were spot-welded to nickel 
wire on to whioh tungsten seals had been welded so that each eleotrode 
could be joined to a length of glass rod. There was now no need for 
the evaporation of metal, so the bead assembly, one of the side-arms 
and the seoond slug were eliminated. The eleotrostatic soreen was 
now provided by a coating of Aquadag on the envelope walls, leaving 
an opening in the ooating so that the gap distanoe could be measured. 
It,4 Pressure measurement 
Initially, when the system was being evaouated with the 
backing and diffusion pumps, it was useful to monitor the pressure 
-4- -6 
over the range 10 to 10 torr and for this purpose a Penning gauge 
was construoted in the laboratory(7l ). 
An Alpert gauge was used for the lowest pressure measure-
ments (10-9 to 10-10 torr). The gauge used with the first system 
was assembled in the laboratory(71) and the pressure was then given 
by p ~i~ l/lg, where io is the collector ion current and 19 the 
electron current to the grid. Later, oommeroial gauges (Mullard IOG-12) 
were used for which p ::: t2 i/ig• When pressure measurements were 
being made with the gauges, they were operated at low grid ourrents 
( .... 1 mAl for as short a time as possible to reduce the ef'feot of 
the pumping action. The collector current at pressures greater than 
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10-7 torr was measured with a Cambridge multi-range galvanometer and, 
at pressures lower than this, a Vibron 33B electrometer was used. 
It was also necessary to know the pressure of the gas in 
the manifold, whioh usually ranged from 7 to 70 torr. To give 
greater accuracy than that available from a mercury manometer, 
manometers filled with silicone oil (D.e. 703) were used and a 
conversion factor(71) was applied to the oil manometer reading to 
give the pressure in torr. 
To prevent the gas in the manifold from coming into contact 
with the manometer oil, a spiral gauge was connected between the 
systems as shown in figures 16 and 17. A differenoe in pressure 
across the gauge caused rotation of the spiral and the mirror 
attaohed to it, the rotation being observed by a lamp and scale 
arrangement. The system was pre-set so that, when no pressure ' 
difference existed across the gauge, the light spot on the scale 
was at zero. To measure the pressure in the manifold, the pressure 
in the gas system was adjusted. to give zero defl action of the gauge 
and the appropriate manometer reading gave the required pressure. 
It;,5 Electrioal measurements 
(a) Work function measurements 
The oontaot potential d.i1'ferenoe between two metals plaoed 
in oontaot is given by: o.P.a. =,161 - 1621, where ~l and ~2 are the 
work functions of the two metals(80). This relationship is used in 
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the Kelvin method of measuring work functions, in whioh the surfaoe 
of unknown work funotion and a vibrating reference surfaoe form 
the plates of a capacitor. When the reference surfaoe is made to 
vibrate, an oscillating potential appears across a high resistanoe 
connecting the surfaces. A variable reverse potential is applied 
to the plates and, when this is equal in magnitude to the contaot 
potential, the oscillating potential vanishes. This provides a 
method of measuring the contact potential and, if the work funotion 
of the referenoe surface ·is known, the unknown work function can be 
determined. 
In the present work, the reference surface was a gold 
film evaporated on to a glass substrate and the work function of 
suoh a film has been given by Riviere(8l) as 4.7 eV. However, it 
was not important that this should be known accurately, sinoe the 
main interest was in changes of work function. The changing potential 
across the high resistanoe (108 52) was amplified by a conventional 
low frequency amplifier(7l), the output signal of which was displayed 
on an oscilloscope. The backing-off pctential was adjusted untU 
the amplitude of the sinusoidal traoe on the osoillosoope reaohed 
a minimum and this value of the voltage gave the required oontaot 
potential. Sinoe ~l was known, ~2 was immediately available. In 
these measurements, it was important that the electrioal components 
were oarefUlly screened, otherwise the signal was masked by eleotrioal 
interferenoe. 
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(b) Formative time lag measurements 
The voltage supply to the experimental tubes was provided 
by a bank of 120 volt H.T. batteries oonneoted in series. Coarse 
adjustment of the voltage was supplied by adding to or subtraoting 
from the number of batteries and tine adjustment was provided by a 
voltage divider aoross one' of the batteries. The batteries were 
oonneoted across a calibrated resistanoe ohain which had several 
tapping points (figure 2la), and the voltage across part of the 
chain was measured by means of a potentiometer. In this w~, the 
voltage supplied to the tube oould be measured to better than ~ O.l%. 
The formative time lags were expeoted to be of the order 
of milliseoonds, so a mercury switoh (measured rise time N 0.1 ~seo) 
was suitable for the applioation of the voltage pulse to the tube. 
The time between the application of the overvoltage and breakdown 
of the gap was observed by use of an oscilloscope. A resistance 
(100 K2 to 10 M~) was conneoted in series with the electrodes and, 
on applying the voltage to the tube, a charging pulse flowed in the 
circuit. This pulse triggered the oscilloscope whioh was oonnected 
across the resistance. Breakdown of the gap oaused a voltage to appear 
across the resistance and so the oscillosoope trace was of the form 
shown in figure 21(b), in whioh the formative time lag measurement 
is indicated. 
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4.6 Experimental procedure 
The experimental prooedure can be conveniently described 
in two parts since two vacuum systems were used. 
(a) System 1 
All parts of the system were carefully cleaned in nitric 
acid and thoroughly washed in distilled water before they were 
assembled. Onoe the system had been built, it was pumped to about 
10-1 torr, tested for leaks with a Tesla spark-coil and ~ leaks 
present were sealed. The tap T3 (figure 16) was closed and the high 
vaouum system was pumped to about 10-6 torr with the backing and 
dif'f\lsion pumps. Whenever the diffusion pump was running, it was 
important that one of the freezing traps was maintained at liquid 
nitrogen temperature to prevent mercury reaching the manifold. 
The manifold and second freezing trap were baked at 4500 C 
for 12 hours after which the oven was removed and as many of the 
metal parts as possible were heated, either directly or by use of an 
r.f. eddy current heater. The manifold was baked and the metal 
parts heated until the pressure remained consistently below 10-6 torr. 
At this stage, if no leaks were present, the manifold 
was closed from the pumps by sealing a constriotion and some of 
the getters were fired. The pressure in the manifold was measured 
with the Alpert gauge and the system left for 24 hours. If no pressure 
rise ensued, the Alpert gauge was used as a pump and the pressure 
eventually fell to about 10-8 to 10-9 torr. 
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The gas system was prepared while the manifold was being 
pumped with the Alpert pump. Once the system had been freed of 
leaks, it was pumped to about 10-6 torr with the backing and 
diffusion pumps and the manometer oil was heated with a hand toroh 
to drive off any dissolved gases. Also, as much of the glass-ware 
as possible was outgassed by heating with a hand torch. Liquid 
nitrogen was placed around the activated charcoal, taps T2, T4 
and T5 were closed and the helium flaSk was opened by use of the 
slug. The tap Tl was then closed and T2 opened, resulting in a 
low pressure of helium in the gas system. The helium was left over 
the charcoal for 24 hours, after which time the gas was ready for 
admittance to the manifold. 
At this stage, the metal surfaoes were deposited and a 
pressure rise usually ensued. The pressure was soon reduced to its 
original value by firing the remaining getters and further use o£ 
the Alpert pump. Measurements of the work funotion of the oathode 
surfaoe were made soon after deposition. 
A low pressure of helium was obtained in the manifold by 
opening the tap T 3 and a glow di soharge \vas started in the oataphoresis 
tube. After the discharge had been running for two or more hours, 
formative time lag measurements were made, the oathode being illuminated 
with ultra-violet light from a high pressure mercur,y vapour disoharge 
lamp. At a given pressure, the sparking potential was measured and 
the voltage setting oalculated to give a partioular value of peroentage 
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overvoltage. The formative time lag was measured and was usually 
the average of some 20 readings. An interval of 10 seoonds 
elapsed between successive voltage applioations to allow the decay 
of charge which may have appeared on the electrodes. 
(b) System 2 
All the glass components were cleaned in nitric acid and 
washed in distilled water before assembly. The metal taps VI' V2 
and V 3 (figure 17) were opened and the high vacuum system was 
processed in the same way as described for the first system. Before 
baking, however, the metal taps had to be prepared according to the 
manufaoturer's instructions. 
On sealing-off the manifold from the pumps, it was found 
that a low pressure could not be maintained. However, on closing VI 
and repeating the outgassing procedure, the system behaved satis-
factorily. Further, on replaoing the gas system by a sealed-off 
tube and repeating the procedure with VI open, low pressures could 
again be maintained in the manifold. When other helium bottles were 
added and the prooedure repeated, the pressure rose at the same rate 
in eaoh case. It was decided that the only possibilities were that 
the glass seals of the helium flasks were faulty or that helium was 
diffusing through the thin glass of the seals. It seemed unlikely 
that the seals should be faulty in eaoh O&se, so the possibility of 
helium diffusion was considered in more detail (section 5.3). It 
was found that the observed and caloulated rates of pressure 
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inorease agreed sufficiently closely to lend weight to this 
hypothesis. 
As a result, the experimental procedure was modified. 
-6 The manifold was pumped to about 10 torr with Vl , V2 and V3 open. 
The taps were prepared for baking and the manifold was baked at 
4.500 C for 12 hours. After the oven had been removed, the metal 
parts were out gassed. This oyole was repeated until the pressure 
-6 did not rise above 10 torr at any stage, whereupon VI was clooed. 
The usual prooedure (described for system 1) was then' followed and 
the pressure in the manifold could 8&sily be reduoed to about 10-9 
to 10-10 torr. 
The pressure measuring system was oompletely separate f'rom 
the high vacuum and gas supply systems, so there was no need to 
attain ver,y low pressures in this case, since 10-3 torr was quite 
adequate for the one arm of the manometer. 
The helium flask was then opened and controlled amounts of 
the gas were let into the manifold by use of taps VI and V2• 
Formative timekg measurements were carried out as desoribed 
previously. 
Chapter 5 
RESULTS AND DISCUSSION 
Formative time lag and other measurements were made 
using the four experimental tubes described in the previous 
ohapter. These met with varying degrees of success and the most 
significant measurements came from experiments in which the 
fourth tube was used. 
The experimental readings obtained from eaoh tube 
are described in this chapter and, in general, the results will 
be interpreted as they are presented. The chapter ends with a 
summary of the conclusions reaohed, together with suggestions for 
further work. 
5.1 Work function measurements 
Of the four tubes oonstruoted during the course of the 
investigation, tubes 1 and 2 oontained facilities for the measure-
ment of the work funotion of oopper films deposited on glass 
substrates. Sinoe the main emphasis of the work was on the time 
lag experiments, the work function measurements were of a 
preliminary nature only. Even so, it is of interest to describe 
the main trends observed. 
In all oases the metal beads were thoroughly outgassed 
before evaporation. In praotice this meant that a very thin film 
of the metal was deposited on the glass substrates before measurements 
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were made. The residual gas pressure in both tubes before 
deposition of the surfaces was 7 x 10-9 torr. 
After the gold reference surface had been deposited on 
the vibrating electrode, evaporation of the copper bead on to 
the appropriate eleotrode was begun. This oontinued until the 
hot metal bead could no longer be seen through the glass substrate 
on whioh the film was being deposited. The thickness at which 
the oopper film became opaque was taken to be of the order of 
1700 i(82). Once this thiCkness had been aohieved, evaporation 
was stopped and the contact potential between the film and the 
referenoe surface was measured. 
On observing the variation of the work function of the 
copper film with time after deposition, a curve such as that 
given in figure 22 was obtained. It can be seen that the work 
function of the film rose from 4.. 94 to 5.62 eV over 8. period of 
about 40 minutes, after which time it remained essentially constant. 
In fact, some 13 daYS later the value of the work funotion was 
still 5.62 eVe 
By oomparison with these values, Riviere(81) obtained a 
figure of 4.52 eV for the work funotion of a freshly deposited 
oopper film, whioh was in good agreement with values given by other 
workers. However, he suggested that care was needed in the 
attainment of a good vacuum before reproducible results oould be 
obtained. Riviere deduced that the partial pressure of any 
r--.. 
~ 
~ 
r 
o 
:'-7 
5·5 
:.J :,·3 
U 
C 
:l 
4-
~ 
> 
~ s·, 
-v-
L .---( 
::> 
) 
~ 
4'~ 
o 2S so 75 
Time oft<Z.r deposit'lon of surf ace (rY'in) 
FIG. 22 VARIATION OF THE WORK FUNCTION OF A 
COPPER FILM WITH TIME . DE.~OSITION OF THE. 
SURFACE WAS COMPI-E.Tan AT T\ME. t:. o . 
100 
- 88 -
-12 
adsorbable gas in his tubes must have been less than 10 torr. 
By comparison, the pres sure at whiQh the present experiments 
-8 
were conducted was of the order of 10 torr. At pressures of 
this order and assuming a sticking coefficient of unity, a mono-
layer of gas would form on a surfaoe in some tens of minutes. 
Thus it is probable that the work funotion change observed was 
due, at least in part, to the adsorption of residual gas. 
One of the residual gases in the tube was likely to be 
oxygen and a monolayer of oxygen on the surfaoe of the oopper 
film would raise its work fUnction(85). Atoms of oxygen incident 
on a metal surface oapture electrons from the metal on impact 
because of their electron affinity. They then set up a dipole 
layer with its negative charge outwards, so raising the work 
function of the surface. Changes in work function of more than 
2 eV can be produoed by ions adsorbed in this way. Thus the 
ohange of 1.1 eV (5.62 - 4. 52 eV) can be satisfactorily 
explained by the adsorption of residual oxygen by the freshly 
deposited copper film. 
From the relation e$/q = crM/s (84) (Where ~ = work 
o 
function change, q = eleotronio oharge, er = number of aligned mole-
cules per unit area, M = dipole moment of each molecule and 
s = permittivity of free spaoe), the average dipole moment of an 
o 
adsorbed oxygen atom on the copper surface can be calculated to be 
approximately 0.38 debye unit. 
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It is unlikely that the observed work function change 
was due to a change in work function of the gold referenoe 
surface, since it has been shown(84) that gold does not adsorb 
oxYgen at room temperature. 
In passing, it may be noted that Farnsworth(85) observed 
that films evaporated on to surfaoes at room temperature have work 
functions lower than th~ corresponding bulk metals. On annealing, 
the work functions of the films alter to those of the bulk metals 
and changes as great as 0.3 eV have been observed. This differenoe 
in work function was attributed to the presence of large densities 
of lattice defects in the films. Thus, it is possible that the 
change observed in the present experiments m~ have been partly 
due to an annealing effect. 
On completion of these experiments, helium was admitted 
to the experimental tubes at a pressure of 6.7 torr and the work 
function of the copper surfaoe was monitored. In each case, no 
significant variation in work funotion was detected over a period 
of 90 minutes. This is possibly not surprising sinoe the films 
were alreadY covered with a strongly adsorbed layer of oxYgen. 
Moreover, from Weissler and Wilsonta(86) experiments on the work 
fUnotions of gas-covered surfaoes, helium would be expected to 
have only a small effect on the work function of a clean surfaoe. 
For example, Weissler and Wilson produced a ohange of only 0.2 eV 
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in the work function of a freshly deposited silver film by 
admitting helium and passing a glow discharge to the film. 
5,2 Time lag measurements, tubes 1 and 2 
Some time was spent in an attempt to obtain satisfaotory 
formative time lag data from tubes 1 and 2. However, it was final.ly 
decided that there would have been little value in making a detailed 
analysis of the results obtained, so this section will contain only 
a brief account of this series of measurements. 
Tubea 1 and 2 were used in conjunction with the first 
(figure 16) of the two vacuum systems d~scribed in section 4.2. 
Helium was admitted to the tubes after standing over activated 
charcoal at -1920 C for 4 hours and was further purified by cata.-
phoresis before experiments were carried out at various pressures. 
Both the copper and silver films were used as oathodes in these 
mea.surements. 
On starting the measurements, it was immediately found 
that it was difficult to determine the true value of the sparking 
potential. As can be seen from the two curves given in figure 23, 
times greater than 1 minute could elapse between applioation of the 
voltage and breakdown of the gap. The reason for the differenoe 
between the two ourves probably lies in the fact that the cathode 
in tube 1 had the higher work funotion by some 0,6 eV, 
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The long breakdown times observed were obviously not 
true formative time lags, sinoe it has previously been indioated 
(section 3.3) that these should be of the order of tens of milli-
seoonds only. Moreover, the statistical time lag had been 
eliminated in the measurements by the constant illumination of the 
cathode with ultra-violet light. Thus some other explanation must 
be provided. 
Because of the ultra-violet illumination of the cathode, 
pre-breakdown ourrents were continuously passing between the eleotrodes 
during the voltage application. As seemed iikely from the work 
funotion measurements of the previous section, it is possible that 
there was an insulating oxide film on the cathode. In faot, Davies, 
Fitch, Hopkins and Gozna(40) have postulated the existence of such 
an insulating layer on whioh positive ions could reside for some 
oonsiderable time. So it could be that positively Charged particles 
from the pre-breakdown ourrent remained on the insulating l ayer, 
gradually inoreasing in number until the work function of' the surface 
was reduced suffioiently for the secondar,y emission from the oathode 
to lead to breakdown. 
Similar effeots were observed(71) when determining the 
sparking potential in hydrogen using nickel cathodes ooated with 
thermionio oxides. 
In an attempt to obtain time lag curves, an arbitar,y 
method of determining the sparking potential was employed. The 
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voltage was applied to the tube at one minute intervals, gradually 
increasing the voltage until breakdown took place within 10 
seconds of the voltage application. In this way, an apparent 
sparking potential was determined and two of the curves obtained 
giving the time lag as a function of peroentage overvoltage are 
shown in figure 24. In view of the unoertainty involved in these 
measurements, no attempt will be made at interpreting these ourves. 
2. 3 Measurements oarried out with tube 3 
The results obtained from tubes 1 and 2 were open to 
oritioism beoause of the design of the vaouum system. This was 
suoh that the final admission of helium to the tubes took plaoe 
through a greased stopcook which was an obvious souroe of gas 
oontamination. A further source of oontamination was the manometer 
oil with which the helium was in contact before admission to 
the tubes. 
The fixed gap distanoe of the tubes placed a oonsiderable 
limitation on the range of measurements which oould be made. 
Furthermore, additional complioations were introduced by the inclusion 
of faoilities for work funotion measurements. The prime aim of 
subsequent experiments was the measurement of formative time lags, 
and it was with these oonsiderations in mind that tube 3 and the 
second vacuum system were oonstruoted. 
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The main features of tube 3 (section 4.3, figure 19) 
were the variable gap distance and the increased eleotrode size 
which reduced distortion of the eleotric field between the 
eleotrodes. The improved design of the new vacuum system (section 
4. 2, figure 17) meant that the helium supply line oould be reduced 
to pressures of the order of 10-9 torr and at no time did the 
helium come into contact with greased stopoooks, as bakeable metal 
taps were now employed. Further, the helium no longer oame into 
oontaot with the manometer oil before admission to the tubes. 
Beoause of the improved design of the vacuum system, it 
beoame apparent, for the reasons given in seotion 4.6(b), that 
the possibility of helium diffusion through the thin glass seal of 
the helium flask should be oonsidered. 
The quantity of gas q pa.ssing in time t through a plane 
membrane of area A and thickness d with a pressure gre.dient ~p 
is given by: q = K A ~p t/d. The permea.tion constant K for helium 
diffusing through Pyrex has been given by Altemose(87). Making 
a number of assumptions and estimating the dimensions involved, 
the pressure resulting in the system after 20 hours was calculated 
to be of the order of 10-4 torr, compared with the measured value 
of 4 x 10-5 torr. This indicated that it was possible for helium 
to diffuse through the seal at a rate su:rricient to aocount for 
the pressure rise observed (figure 25). 
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The residual. gas pressure in the experimental tube 
-10 
was successfully reduoed to 4- x 10 torr by following the 
procedure desoribed in section 4. 6(b). Gold was then evaporated 
on to the glass substrates to form the eleotrodes. Helium was 
admitted to the tube and a series of measurements started. 
Unfortunately, a similar di:f:('iculty was enoountered as 
was met in tubes 1 and 2. Once again it was virtually impossible 
to obtain the true sparking potential and occasionally times as 
long as 7 seconds were observed before breakdown of the gap occurred. 
This was an improvement over the previous tubes, where the corresponding 
times could be as long as a minute. Even so, this was still not 
good enough to allow aocurate measurement of the formative time lag 
from which a true indication of the seoondary prooesses taking 
plaoe could be obtained. A typical curve showing the dependence 
of these long breakdown times on applied voltage is given in 
figure 26. 
On observing the discharge it was found that it was located 
at the Aquadag spots on the eleotrodes. One of the eleotrodes was 
then rotated so that the spots were no longer direotly opposite 
eaoh other, all other conditions remaining constant. As a result 
the disoharge would no longer take plaoe. So it seemed that the 
gold films were not suffioiently thick. This was borne out by 
subsequent examination of the eleotrodes when they were found to 
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be transparent to visible light, one estimate of the film 
thiokness being given as a few hundred angstrom units. 
As before, ourves giving the dependenoe of time lag on 
peroentage overvoltage were obtained by using an arbitrary criterion 
to set the sparking potential. But, also as before, no weight oould 
be attaohed to these curves since it was virtually impossible to 
divoroe the true formative time lags from the charge build-up 
effeots. For the reoord, two curves which were ohara~teristio 
of these measurements are shown in figure 27. 
2.4 Preliminary measurements, tube ~ 
As a result of the experienoe gained with the previous 
experimental tubes, it was deoided that tube 4 should have bulk 
metal electrodes, nickel being chosen as a suitable material. It 
was expected that these electrodes would provide a number of 
advantages, amongst which were ease of outsassing the eleotrodes 
and oonfidence in the presence of a good,oonduoting surfaoe. Aa 
a result the tube was further simplified by the elimination of the 
gold source. Apart from these and attendant modifioations, the 
tube (section 4. 3) was closely similar to tube 3, a common feature 
of both tubes being the variable inter-electrode spaoing. 
So that a quick oheck on the behaviour of the tube might 
be made, the residual gas pressure usa reduoed to 10-6 torr only 
and preliminar,y measurements oarried out. 
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On admitting helium to the tube to a pressure of 
46 torr, the longest time to breakdown that could be obtained 
was of the order o~ 20 milliseconds and at no time were the 
long breakdown times observed which had been a feature o~ previous 
tubes. Also, the glow discharge whioh ocourred ~ter breakdown 
of the gap was uniformly oonfined to the spaoe between the 
electrodes. These factors bred confidenoe in the behaviour of 
this tube. 
The vacuum system was then re-processed. The outgassing 
procedure included rigorous out gassing of the nickel electrodes 
in the course of whioh they were heated to a bright red by use of 
an eddy current heater. As a result, the residual gas pressure 
-8 
was reduced to 10 torr. 
At this stage the effect on the formative time lag of 
further gas purification by oataphoretio action was investigated. 
Helium was admitted to the tube to a pressure of 6.8 torr and 
the gap distance set at 0.92 cm. These parameters were then kept 
constant throughout this series of measurements. The dependenoe 
of the formative time lag on the percentage overvoltage was 
measured without use of the cataphoresis tube and the smooth curve 
whioh resulted is shown in figure 28 (curve A). 
Immediately these readings had been oompleted, a glow 
discharge was started in the oataphoresis tube, when a current of 
15 mA passed between the eleotrodes at a potential difference of 
500 volts. 
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After the cataphoretic action had been taking place for 
4 hours, a second curve (figure 28, curve B) was obtained showing 
the variation of the formative time lag with percentage overvoltage. 
A similar curve (ourve C) was also obtained after the cataphoretic 
discharge had been running for a further 66 hours. The disoharge 
was then switched off and 5 hours later yet another formative time 
lag curve was measured. This curve lay among the three curves 
alrea~ given and is not plotted because of the possibility of 
oonfUsing the graph. 
From these readings it can be seen that, under the given 
oonditions, cataphoresis had no significant effeot on the formative 
time lag. As a further check on the efficiency of the cataphoretio 
purifioation, the sparking potential was monitored as the glow 
discharge in the cataphoresis tube was switched on and off for 
varying periods. Again no significant variation could be found. 
Riesz and Dieke(77) indioated that, over the ranges 10 
to 25 mA and 10 to 20 torr, the process of gas purifioation in helium 
was greatly enhanoed by increases in current and pressure. The 
present experiments were carried out at 15 mA and 6.8 torr which 
roughly oorresponded to the lower ranges used by Riesz and Diske. 
Even BO, it would have been expected that some clean-up should have 
taken plaoe. In the same way that a limit was set on Riesz and 
Dieke's values of ourrent and pressure, these parameters were limited 
in the present experiments by the nature of the available power supply. 
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A fUrther possibility for the apparent lack of purifYing action 
is that the helium used was relatively pure. Ever,y precaution 
had been taken not to introduoe impurities other than those 
trace impurities which may have alrea~ been present in the 
spectroscopically pure helium. It is probable that these two 
factors in combination meant that the cataphoretio action had no 
significant effect on the discharge parameters investigated. 
2. 5 Formative time lag measurements. tube 4 
The vacuum system was re-prooessed after the preliminar,y 
measurements of the previous section. A residual gas pressure of 
the order of 10-9 torr was achieved after the system had been baked 
a number of times, eaoh bake being followed by outgassing of the 
metal components. The eleotrioal measuring oirouits were then set 
up, helium was admitted to the tube and the final series of formative 
time lag measurements were begun. 
At a given value of pressure a suitable gap distanoe was 
s et and the oorresponding sparking potential measured. The required 
voltage to be applied to the tube to give a oonvenient value of 
percentage overvoltage was then caloulated. The same values of 
percentage overvoltage were used for eaoh ourve 80 that the data was 
readily aooeptable to a oomputer. The formative time lag was the 
average of some ten measurements at eaoh value of percentage over-
voltage, ten seoonds elapsing between each measurement. The gap 
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distance was then altered and in this way a number of curves 
of formative time lag against percentage overvoltage were obtained 
at a given pressure. 
The helium pressure was then increased by admitting more 
helium to the tube and another set of time lag curves obtained. 
In this way 25 curves were obtained at 5 different pressures in the 
range 14.9 to 62.2 torr at gap distances varying from 0.18 to 
0.82 om. These curves are shown in figures 29 to 33, the same 
co-ordinates being used in eaoh oase for ease of oomparison. 
As is common praotice, the pressure given is the reduced 
pressure corresponding to that at 273°X. The resistance in series 
with the tube was 470 k~ throughout the measurements. Other 
oonditions prevailing during the experiments included oontinuous 
ultra-violet illumination of the oathode and earthing of the electro-
statio screen. The oataphoresis effect was not used for the reasons 
already given. 
Since sparking potentials and gap distanoeshad been measured" 
the neoessary data was available for the produotion of Paschen ourves. 
Five of these ourves (figure 34) were obtained, eaoh at constant 
pressure and varying inter-eleotrode distanoe. 
It was also possible to obtain curves (figure 35) of the 
generalized secondar,y coeffioient from the sparking potential by use 
of the breakdown oriterion (equation 7). These seoondary emission 
curves were calculated using Davies, Llewellyn Jones and Morganfs 
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values(27) of ~p. These values were chosen in preference to 
o 
Fletcher f s(28) because it was felt that the conditions under which 
the present experiments were carried out were oloser to those used 
by Davies, Llawellyn Jones and Morgan. Moreover, this choice of 
~p would enable closer comparison to be made with the time 
o 
lag measurements of Davies, Llewellyn Jones and Morgan(64). 
Upon completion of the time lag measurements, the 
variation of current with gap voltage was examined over the range 
o to 300 volts at 62.2 torr and d = 0.82 cm (figure 36). Ultra-
violet light illuminated the oathode, the lamp being in the same 
position as for all previous measurements. It can be seen from the 
~igure that there is no well-defined plateau oorresponding to satur-
ation of the photocurrent. But there is a point of inflexion at 
-ll 4.5 x 10 amp after which multiplioation of the current by gas 
ionization sets in. To check this value of photoourrent, the 
-6 helium was pumped away and the pressure reduced to below 10 torr 
-11 when the photo current was measured as 4.7 x 10 amp at 125 volts. 
The possibility of the photocurrent varying with gap 
distance was then investigated. The current was measured at the 
eleotrode spaoings used in the time lag experiments and fi~e 37 
was obtained. There was no significant variation in photocurrent 
indicating that the anode was not masking the cathode from the ultra-
violet source at the smaller gap distanoes. There was, however, a 
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small increase in photoourrent as the gap distanoe shortened. 
This may have been due to a deorease in the number of photoelectrons 
lost from the sides of the gap at the smaller eleotrode separations. 
2,6 Computation of the time lag data 
Only the time lag data from the fourth tube will be 
considered in this section sinoe, as has been suggested earlier 
in the chapter, the results from the first three tubes were not 
sufficiently accurate. The results to be analysed here are the 
25 ourves of figures 29 to 33. 
Davies, Llewellyn Jones and Mcrgan(64) have shown that the 
seoondar,y processes due to the inoidence at the oathode of undelayed 
photons, positive ions and metastable atoms were not suffioient to 
aocount for the time lags observed by them in helium. So the 
processes first oonsidered here were those desoribed by Davies, 
(65) Llewellyn Jones and Morgan • These were the y and 610. processes, 
namely those of seoondary emission from the oathode oaused by the 
incidenoe of positive ions, and photons produoed by the deoay of 
Dletastable helium atoms. 
As disoussed in chapter 3 when oonsidering Davidson's 
treatment( 61) of the problem, the growth equation (equation 42) 
maY be written 
i /i = A - B exp (~t), 
- 0 
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where A = l/F(O), 
and the growth constant ~ is the real root of F(p) = O. Here 
the symbols have the meanings given in chapter 3. 
The secondary processes are introduoed by the function 
F(p) which is determined by the nature of the processes considered. 
For the action of positive ions and non-resonanoe photons produced 
by the decay of metastable atoms, when y + 0l/a = ~a, the funotion 
beoomes: 
where 1/1 = a - p/W , ~ = a - p/W and the delay time 't'l = 1/(192 P ). 
- 0 
The equations may be simplified at sufficiently large t, since A 
may then be omitted and V et ~ et a. 
The first oaloulations using these equations were done by 
hand, but it soon became obvious that it would have taken a considerable 
time to analyse all the curves by this method with any degree of 
completeness. Since an Elliott 503 computer was available, suitable 
progranunes were written by the author to oarry out the neoessary 
calculations. The language in whioh the programmes were written 
was Algol 60(88) adapted for use with the 503 oomputer. 
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The fundamental calculation carried out was the 
computation of the theoretioal time lag at a given overvo1tage 
for a chosen ratio of the seoondar,y coefficients 8r1a and y. 
This entailed solution of the equation F(p) = 0 to give the growth 
constant A. from whioh the constant B could be evaluated. On 
substitu~ion of these values of ~ and B in the current growth 
equation i /i = - B exp (~t), the formative time lag could be 
- 0 
readily obtained sinoe this was defined as the time t for the current 
( -11-6 to grow from i to i from 4.5 x 10 to 10 amp in the present 
o 
case). 
The procedure followed by the computer to obtain the 
theoretical curve giving the best fit to a chosen experimental 
curve can now be described. Assooiated with eaoh curve were 
charaoteristio values of pressure, gap distanoe, generalized 
secondary ooeffioient and current ratio i /i. Also each of the 
- 0 
seven points of the curve had its own values of fonna.tive time 1ag, 
percentage overvoltage and primary ionization ooeffioient a/po. 
These were the parameters presented to the oomputer. 
The peroentage x of the total seoondary action for whioh 
the 810. process Was responsible set the values of 810. and y at 
O.Olx ala. and (1 - o.olx)ulo. respectively. 
Seven values of formative time la.g were then oalculated for 
each value of overvoltage for a given value of x. This was repeated 
for each value of x = 0, 1, 2, •••• , 100 and 80 101 theoretioal ourves 
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were obtained.. The curve giving the closest fit to the experimental 
curve was selected from these 101 curves by the method of least 
squares. The value of x corresponding to the best theoretical 
curve then gave the required percentage action of the B~a and 
"'( processes. The computer output gave this value of x and the 
seven related values of formative time lag enabling a theoretical 
curve to be plotted. 
The calculation was carried out for the Brla and y 
processes for each of the 25 experimental curves. As a result it 
was found that reasonable agreement between the experimental and 
computed curves was obtained in only five cases. 
The possibility of another process giving a fit to the 
ourves was suggested at Swansea to the author by Griffiths(89). 
This process is closely similar to the B~a process, but involves 
the produotion of delayed radiation from the deoay of metastable 
helium moleoules instead of atoms. This process is designated the 
81a process. 
Phelps(66) has described a process whereby atoms excited 
to the 238 triplet metastable state are converted to metastable 
molecules in the 23 t state in three-body collisions with normal 
gas atoms. The mean lifetime of the 23S state before destruction to 
the ~ t state is (0. 26 p~) -1 sec. These metastable molecules can 
then decay with the production of non-resonance radiation to the 
ground state of He2 leading to immediate di8Sooiation(9
0). 
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No experimental data could be discovered which gave the 
collisional cross-sections or destruction frequency ot these mole-
oular metastable states. As a result it was assumed that the 
molecular metastables had a lifetime much shorter than that of the 
2'S atoms which were concerned in the production of the molecular 
metastables. So the delay time 't"2 associated with this particular 
non-resonanoe radiation was assumed to be (0.26 p2)-1 sec. 
o 
Besides the 6l/~ and y combination a1rea~ considered, 
there were now two further combinations of processes to be taken into 
account, namely 610, and y, and 61/0, and 610,. 
Since the 6x1~ and 0/0, processes are by nature essentially 
similar, the computer programme for the 610, and y combination was 
readily obtained from the 610, and y programme. The major difference 
introduced was the change in delay times from 't"l to 't"2. The function 
F(P) now became 
F(p) = 1 - T02 [exp(Yd)-l ] _ $t. 1 ... P 't"2 ~ [exp(id) - 1 ] ' 
where 't"2 = (0.26 p!)-l sec. 
The programme for the 61~ and 6z1a combination proved more 
difficult, since the function F(p) was considerably modified to 
F(p) [ exp(Yd)-l] _ ~ [ exp(yd)-l ] 
1 + p 't"l '" 1 ... P 't"2 • 
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Apart from the changes introduced by this modification, the 
programme was similar to the two already described. 
These two programmes were then used to calculate 
theoretical curves for each of the 25 experimental curves in 
addition to those already computed. The 'caloulated curves giving 
the best fit with the experimental data out of the three combinations 
of processes considered are given in the appendix. An example of 
the fit obtained is given in figure 38 whioh, although giving 
excellent agreement, was by no means the best achieved. 
2,7 Discussion of the results 
When an attempt was made to look for trends in the 
variation of the secondar,y ooefficients, the clearest pioture 
emerged from consideration of the family of curves obtained at 
22.1 torr. The peroentage contribution of each seoondar.y prooess 
to the generalized secondary ooefficient is given as a function of 
E/P
o 
in figure 39. 
Similar results were s+so obtained from the calculations 
at l4.9, 34.2 and 44.4 torr (figures 40 to 42). In each of these 
three oases, only one set of measurements was made at a suffioiently 
high value of E /p 0 to give appreoiable positive ion aotion. Thus 
the y contribution is tentatively given as a dashed line based on 
the curve obtained at 22.1 torr. 
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At the lower ranges of E /p oonsidered in these figures, 
s 0 
the processes leading to breakdown were those involving non-
resonanoe photons, the 6r1a and 6z1a prooesses. As E /p increased~ 
s 0 
so the dominant process changed from the 6z1a. to the 6/0. process. 
On further increasing E /p , the y prooess emerged at the expense 
s 0 
of the 6z1a process and the y and 610. prooesses were responsible 
for breakdown. As E /p increased still further, the y process 
S 0 
became increasingly important. 
These variations can be understood by referenoe to 
Corrigan and von Engel's work(70) as discussed in section 3.3. 
The number of excitations to metastable states greatly exoeeds the 
number of ionizing collisions at low ~p in helium. As ~p inoreases 
so the proportion of ionizing oollisions inoreases. This explains 
the observed dominance of the 61/0. and Szla processes at low values 
of E /p , since these depend on the existence of metastable states. 
s 0 
Beoause the proportion of positive ions present in the disoharge 
inoreases with ~p, the y process would be expected to become 
important as indeed was the case. 
The time lags obtained beoame shorter as E /p inoreased 
s 0 
a.t oonstant pressure, as is shown in figure 4-3. This was to be 
expeoted since the fastest of the three prooesses, the y process~ 
beoame increasingly important as E /p increased. Moreover, as 
s 0 
E~Po increased the y prooess itself' beoame faster, since the drift 
velooity of positive ions in helium has been shown(2l) to be directly 
.pl"'cportional to F/P. 
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The 810. process had a longer delay time than the 
61/0. process at the pressures oonsidered. At 22.1 torr for example, 
-4 -4 ~1 • 2.4 x 10 sec and ~2 m 79 X 10 seo. Since the time lags 
decreased as E /p inoreased, the prooess with the shorter delay time 
S 0 
(the 8~0. process) should have beoome the more important with 
increasing E/po. This did ooour, as can be seen from figure 40. 
In the oourse of the experiments there was a value of the 
gap distanoe (0.53 om) which was approximately constant at eaoh of 
the pressures used. Hence it was found that the time lags deoreased 
with increasing E/po at constant d (figure 44). The values of 
6~0. and 810. giving a fit to this set of curves at constant d 
(varying p) are shown in figure 45. Contrary to the situati'On 
just discussed, the delay times of the 8y10. and 810. processes 
were no longer oonstant over the range of E /p • The variation in 8 0 
the delay times is gi. ven in tabl e 4-
Es/Po Po ~ xl04 1 'C xl04 2 8/0. 810-
-1 -1) ( volt cm torr ( torr) (seo) (seo) (% of ulo.) (% of ulo.) 
11.4 62.2 0.8 9.9 0 100 
12.5 44.4- 1.2 19 57 43 
16.2 34.2 1.5 33 79 21 
21.1 22.1 2~4- 79 93 7 
27.4 14.9 3.5 173 100 0 
Table It- Variation of delay times with E/Po. 
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The delay time decreased from 9.9 x 10-4 sec when the 
6/0. process was acting alone to 3.5 x 10-4 sec when 61/0. was 
acting alone at the higher values of E /P. This variation in 
s 0 
del.ay times corresponds to the shortening of the time lags shown 
in £i gure 44-
For values of E /p below 11.6 volt cm-1 torr-l , the 
s 0 
combinations of processes considered did not give a fit to the 
experimental curves. In all these cases, the oombinations giving 
the best fit resulted in calculated time lags whioh were too fast. 
So it seems likely that a slower prooess should be · considered at 
tbeee lower values of E/po. Such a process would be the slo. 
process of seoondary emission from the cathode due to the inoidence 
of JDetasta.ble atoms. An obvious combination to be oonsidered is 
that of the e la. and 6/0. processes. Combinations of other processes 
1d th the e /0. process have been tried by other workers (64,65) wi th-
out marked suooess. 
From the ourves given in figure 34, it oan be seen that 
-tbere was a departure from Paschen' s law. As the pressure decreased 
(d inorea.sing accordingly) at a given value of pod, the sparking 
potential increased. 
It is possible that this deviation from the law was due to 
-the ~oss of increasing numbers of the active species from the 
d;1sohar ge region as the electrode spacing increased. Such an effeot 
(37) 
1fS.
e 
Suggested by MoCallum and IQ.atzow when they observed 
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departures from Pasohen' s law in argon and neon. However, they did 
not observe such an effect in helium. In oontradiction to this, and 
in agreement with the present results, Fletoher(28) observed such 
a deviation £rom Paschen's law which was reflected in his values 
of CJ/a. (figure 10(b». 
Davies, Llewellyn Jones and Morgan(65) suggested that 
the similarity relationships should be violated in helium because 
of the pressure dependenoe of the 6~a. process. Such a violation 
would then be observed through departures from Paschen' s law~ In 
the present work, two of the processes (6r1a. and 6z1a.) were. pressure 
dependent. Thus the observed departures from Paschen's law could 
be due to one or both of the reasons discussed. 
It was suggested in seotion 1.4 that ~a. should decrease 
as d inoreased at constant ~p if metastable aotion was important. 
o 
Readings obtained at two closely related values of E /p are 
S 0 
given in tabl e 5. 
E/PO 
( -1 -1 volt om torr) 
23.8 
23.7 
d 
(cm) 
0.18 
0.68 
0.295 
0.188 
Table 5. Values of tJ/o. and d. 
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From the table it can be seen that as d increases ~~ 
indeed deoreases~ so giving additional evidenoe of the importanoe 
of metastable action in helium. 
2,8 Conclusions and suggestions for further work 
The formative time lags measured with nickel oathodes in 
helium decreased w1 th inoreasing E /p. This trend was observed 
s 0 
for varying gap distanoe at constant pressure and for varying 
pressure at constant gap distance. 
When Davidson's theory was used to compute theoretical 
time lag curves, good agreement was obtained with the experimental 
I 6 -1-1 curves at values of E p greater than 11. volt cm toXT • 
s 0 
This agreement was obtained by use of the secondar,y processes due 
to non-resonanoe photons (6l/~ and 8z1~ processes) and positive 
ions (y process). The combination of the 8~~ and 6z1~ processes 
gave satisfactory agreement over the lower range of E /p. As 
s 0 
E/P 0 inoreased, so the y process became more important than the 
8z1~ process and agreement was obtained using the 8/~ and y 
combination. 
range 
It would be instructive to extend the investigation of the 
I 6 -1-1 of E p less than 11. volt cm toXT and to consider the 
so · 
effect of metastable atom action at the cathode (£ /~ process) in 
combination with the 6z1~ process. Also the effeot of helium purity 
oould be rigorously examined if a mass speotrometer were a.vailable 
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to monitor the presenoe of impurity atoms. If neoessar,y the 
Biondi super-leak method(91) of purifying helium oou1d be used 
in an effort to obtain th,e gas in a high state of purity. 
Appendix 
COMPUTED TIME LAG CURVES 
. All twenty-five figures contained in this appendix 
give the variation of the formative time lag with percentage 
overvoltage at particular values of helium pressure and inter-
electrode distance. The dashed curves were computed by the methods 
described in section 5.6 and are compared with the experimental 
curves which are drawn as continuous lines. 
The value of the coefficients 01/a., o/a. and y which 
gave the best fit to the experimental data are given in eaoh case. 
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